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Introduction 


This chapter is for readers who feel threatened by genetics, 
who are apt to see genetics as a malignant growth, taking over 
familiar areas of medicine and rendering them strange and 
incomprehensible. It is a survival kit but also an entry ticket to 
this most intellectually exciting area of biomedical science. 
Genetics is not taking over medicine; it is burrowing under it 
and rearranging the foundations. Genetics is relevant to hear- 
ing and deafness at two levels. In everyday clinical practice, 
effective diagnosis and management of patients require some 
familiarity with common patterns of inheritance and with the 
availability, use, and limitations of genetic tests. More funda- 
mentally, to understand the causes and pathology of hearing 
impairments, we need to understand the molecular pathology of 
the genes that program cells in the inner ear. What follows is a 
review of the concepts and vocabulary of genetics as it applies 
to both these levels. Italicised words are defined in the Glossary 
at the end of this chapter. For readers who would like more 
detail, references are given below to the relevant sections 
of Strachan & Read Human Molecular Genetics; the text of 
the second edition (“S&R2”) is freely available on the NCBI 
Bookshelf website (1). 


Genes, DNA, and chromosomes 


These are the three most basic elements in genetics. “Genes,” 
like elephants, are easier to recognize than to define. Unlike 
elephants, genes are recognised in two fundamentally different 
ways: 


As determinants of characters that segregate in pedigrees 
according to Mendel’s laws 
As functional units of DNA 


Understanding 
the genotype: basic 


Genes recognised in the first way are rather formal, abstract 
entities. In retrospect, their connection to physical objects 
began early, with the recognition of chromosomes and crys- 
tallised with Avery’s 1943 demonstration that the genetic sub- 
stance of bacteria was DNA. However, it was not until the 
1970s that physical investigation of genes acquired any clinical 
relevance. Developments in molecular genetics in no way make 
formal mendelian genetics obsolete. The ability to recognize 
mendelian pedigree patterns and calculate genetic risks remains 
an essential clinical skill, while understanding the relation 
between the DNA sequence and an observable character is a 
central intellectual challenge of genetics. 

DNA is the molecule that carries genetic information. For 
understanding most of genetics, it is sufficient to view DNA as a 
long chain of four types of unit called A, G, C, and T. Organic 
chemists define the structure of A, G, C, and T as nucleotides 
(nts), each composed of a base (adenine, guanine, cytosine, or 
thymine) linked to a sugar, deoxyribose, and a phosphate. Watson 
and Crick in 1953 showed how DNA consists of two polynu- 
cleotide chains wrapped round one another in a double helix. The 
two strands fit together like the two halves of a zip, with A on one 
chain always next to T on the other, and G always opposite C. As 
Watson and Crick famously remarked, “it has not escaped our 
notice that the specific pairing we have postulated immediately 
suggests a possible copying mechanism for the genetic material.” 
Note, however, that in itself the Watson-Crick structure sheds no 
light on how the sequence of nucleotides along a DNA chain 
might control the characteristics of an organism—understanding 
of that process only began to dawn in the 1960s. Chapter 1 of 
S&R2 provides rather more detail on DNA structure and function. 

Geneticists use some conventions and shortcuts in describing 
DNA that can confuse the unwary. 


The terms base, nucleotide, and base pair (bp) are normally 
used interchangeably to describe the A, G, C, and T units 
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of a DNA chain, although strictly they mean different 
things. A double helix with 100 units in each chain is 100 
bases, 100 nt, or 100 bp long (not 200). 

Looking at the detailed chemical structure shows that DNA 
chains are not symmetrical. The two ends are different and 
so the sequence AGTC is not the same as the sequence 
CTGA. The ends are labelled 5’ (“5 prime”) and 3’, and it 
is a universal convention that sequences are always written 
in the 5’ 3’ direction. It is just as wrong and unnatural to 
write a sequence in the 3'->5' direction as it is to write an 
English word from right to left. This may seem a trivial and 
pedantic point, but its importance comes from the fact that 
the two chains in a Watson—Crick double helix run in 
opposite directions (the structure is described as antiparal- 
lel). Thus the strand complementary to AGTC is not 
TCAG but (5’33') GACT. 

Geneticists are no happier than anybody else about the way 
this makes a sequence and its complement look very differ- 
ent, and they get round it by a convention that makes the 
relation between the sequence of a gene, a messenger RNA 
(mRNA), and (via a table of the genetic code) a protein all 
immediately obvious. So for most purposes you can forget 
about 5’ and 3’, but the convention needs mentioning 
because otherwise readers with enquiring minds will run up 
against seemingly baffling inconsistencies. (see section 3.2 


for the detail.) 


“Chromosomes” (Fig. 1.1) are seen in cells when they 
divide. These visible chromosomes represent the DNA pack- 
aged into a set of compact bundles so that it can be divided up 
between the daughter cells. The 46 human chromosomes (23 
pairs) each contain between 45 and 280 million base pairs (Mb) 
of DNA in the form of a single immensely long double helix. 
Before a cell divides, it replicates all its DNA. When the chro- 
mosomes become visible, each consists of two identical sister 
chromatids, each containing a complete copy of the DNA of 
that chromosome. Cell division separates the two chromatids, 
sending one into each daughter cell, and in their normal state 
each chromosome consists of a single chromatid but with the 
DNA somewhat decondensed and fluffed out so that it is not 
visible under the microscope. Even in this state, the DNA is 


still quite highly structured. It exists as chromatin, a complex 
of DNA, and various proteins, particularly histones. Chapter 2 
of SGR2 describes and illustrates the structure and function of 
chromosomes. 

Back in the 1880s, biologists recognised that there were two 
types of cell division. The usual form is mitosis. This precisely 
divides the replicated genetic material between the two daughter 
cells so that each is genetically identical. All the normal cells of a 
person are derived by repeated mitosis from the original fertilised 
egg. That is why you can use a blood, skin, or any other sample to 
study somebody’s DNA; it is the same in every cell (more or less). 
Gametes (sperm and egg) are formed by a special process, meiosis, 
which has two purposes. It halves the number of chromosomes so 
that a 23-chromosome sperm fertilizes a 23-chromosome egg to 
produce a 46-chromosome zygote. It also shuffles genes so that 
every sperm or egg that a person produces contains a novel 
combination of the genes he or she inherited from his or her 
mother and father. Mendelian pedigree patterns are a conse- 
quence of the events of meiosis. Linkage analysis, which maps a 
gene to a specific chromosomal region, also depends on features of 
meiosis, as detailed below. 

Note the disparity between chromosomes and DNA. The 
smallest chromosome abnormality visible under the microscope 
involves around 5 Mb of DNA. Molecular genetic techniques 
are most efficient when dealing with no more than 1000bp 
(1 kb) of DNA. New techniques that fill the gap between these 
two scales (“molecular cytogenetics”) have been important 
recent drivers of genetic discovery. 


Patterns of inheritance 


Humans have around 25,000 genes and every human genetic 
character must depend on the action of very many genes, 
together with environmental factors. However, for some vari- 
able characters, presence or absence of the character depends, 
in most people and in most circumstances, on variation in a sin- 
gle gene. These are the mendelian or single-gene characters 
that are by far the easiest genetic characters to analyse. When 
following the segregation of alternative forms of a gene (alleles) 


<t— Centromere 


2 sister chromatids. 
<t— Each contains a single 


immensely long DNA double helix. 
The two are exact copies of each other. 


Figure 1.1 The structure of a chromosome as seen in a cell dividing 
by mitosis. (Left image) chromosome 9 as seen in a conventional 
cytogenetic preparation. The two sister chromatids are tightly pressed 
together. The banding pattern (G-banding) is produced by partial 
digestion with trypsin before staining with Giemsa stain. It helps the 
cytogeneticist to recognize chromosome abnormalities. (Right image) 
chromosome 9 as seen under the electron microscope. Threads of 
chromatin of diameter 30 nm can be seen, which form loops 
attached to a central protein scaffold (not visible). DNA is highly 
packaged even within the 30nm thread. Overall, chromosome 9 is 
about 10 wm long and contains about 5cm of DNA. 


through a pedigree, the alleles are conventionally designated 
by upper and lower case forms of the same letter, e.g., “A” 
and “a.” 

The art of human pedigree interpretation is to make a judg- 
ment of the most likely mode of inheritance. The two main 
questions are the following questions: 


Is the character dominant or recessive? 
Is the gene autosomal, X-linked, or mitochondrial? 


An initial hypothesis is formed by asking the following 
questions: 


Does each affected person have an affected parent? If so, the 
condition is probably dominant; if not, either it is recessive 
or something more complex is going on. 

Are there any sex effects? If not (affects both sexes, can be 
transmitted from father to son, from father to daughter, from 
mother to son, or from mother to daughter), the character is 
probably autosomal. If yes, it may be X-linked. Y-linked pedi- 
grees are possible in theory but are unlikely in human diseases. 
Characters that are transmitted only by the mother, but affect 
both sexes, may be mitochondrial. 


The pedigree is then tested for consistency with the initial 
hypothesis by writing in presumed genotypes. If this process 
requires special coincidences (an unrelated person marrying in, 
who happens to carry the same disease allele; a new mutation), 
alternative hypotheses are tested. The most likely interpreta- 
tion is the one that requires the fewest coincidences. It is 
important to stress that for most pedigrees these interpretations 
are provisional because families are too small to be sure. 
Sometimes past experience tells us that a particular condition 
is always inherited in a particular way, but this is often not 
the case and particularly not with nonsyndromic hearing 
impairment. 

Pedigree description of autosomal dominant inheritance. Both 
males and females can be affected. The disorder is transmitted 
from generation to generation and can be transmitted in all 
possible ways—female to female, female to male, male to 
female, or male to male. With human autosomal dominant dis- 
eases, affected people are almost always heterozygotes; when 
married to an unaffected person each offspring has a 50:50 
chance of inheriting the mutant allele. In small families, the 
mode of inheritance can be difficult to determine, but trans- 
mission of a rare condition across three generations is good evi- 
dence for dominant inheritance. Many dominant conditions 
are variable (even within families) and may skip generations 
(nonpenetrance, see below). 

Pedigree description of autosomal recessive inheritance. Both 
males and females can be affected. Both parents are usually 
unaffected heterozygous carriers, and the risk for any given 
child is 1 in 4. Recessive inheritance is likely when unaffected 
parents have more than one affected child, especially if the 
parents are consanguineous. In most cases, there is only 
one affected individual in the family, making the pedigree 
pattern hard to identify, but in large multiply inbred kindreds, 
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affected individuals may be seen in several branches of 
the family. 

Pedigree description of X-linked inheritance. Many X-linked 
diseases are seen only or almost only in males; where females are 
affected, they may be more mildly or more variably affected. 
The X chromosome is transmitted to a male from his mother 
and never from his father, so male-to-male transmission rules 
out X-linked inheritance. The line of inheritance in a pedigree 
must go exclusively through females (or affected males). All 
daughters of an affected male are carriers. 

Having the wrong number of chromosomes is usually fatal; 
yet males and females manage to be healthy despite having dif- 
ferent numbers of X chromosomes. This is because of a special 
mechanism, X inactivation or Lyonisation (named after its dis- 
coverer, Mary Lyon). In each early embryo, each cell somehow 
counts the number of X chromosomes it contains. If there are 
two, each cell picks one at random and permanently inactivates 
it. The chromosome is still there, but the genes on it are 
permanently switched off. If there are more than two X chro- 
mosomes, all except one are inactivated. Thus every cell, male 
or female, has only one active X chromosome. 

X inactivation happens only once in the early embryo, but 
the decision as to which X to inactivate is remembered. As the 
few cells of the early XX embryo divide and divide, whichever 
X was inactivated in the mother cell is inactivated in both 
daughter cells. Thus, an adult woman is a mosaic of clones, 
some derived from cells that inactivated her father’s X and 
others that inactivated her mother’s X. If the woman is a het- 
erozygous carrier of an X-linked disease, some of her cells will 
be using just the good X and others just the bad X. Depending 
on the nature of the disease, this may be evident as a patchy 
phenotype, as in some skin conditions, or there may just be an 
averaging effect, as in hemophilia. Either way, the distinction 
between dominant and recessive is not as obvious in X-linked 
as in autosomal conditions. For males, of course, there is 
no question of dominance or recessiveness because here are no 
heterozygotes. 

Pedigree description of mitochondrial inheritance. The mito- 
chondria in cells have their own little piece of DNA, probably 
a leftover from their origin as endosymbiotic bacteria. It is tiny 
compared to the nuclear genome (16.5kb and 37 genes, com- 
pared to 3.2 million kb and around 24,000 genes; see S&R2 sec- 
tion 7.1.1), but mutations in the mitochondrial DNA are 
important causes of hearing loss (and other problems). A per- 
son’s mitochondria come exclusively from the egg; the sperm 
contributes none. Thus, mitochondrial conditions are passed on 
only by the mother (matrilineal inheritance). An affected 
mother transmits the condition to her children of either sex. 
The resulting pedigrees can look very like autosomal dominant 
pedigrees unless they are large enough for the exclusively 
maternal transmission to be obvious. 

Cells contain many mitochondria, and it often happens 
that these are a mixture of normal and mutant versions 
(heteroplasmy). Heteroplasmy, unlike nuclear genetic mosaicism 
(see below), can be passed from mother to child, because the egg 
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Figure 1.2 Autosomal dominant (A), autosomal recessive (B), X-linked (C), and mitochondrial (D) pedigree patterns. Squares represent males; circles, females. Blacked-in 
symbols are individuals affected by the condition. Dots in a symbol indicate a phenotypically normal carrier. An unshaded diamond-shaped symbol containing a number, 
e.g., 6 means 6 unaffected offspring, sexes not specified. Consanguineous marriages can be highlighted by a double marriage line. Generations are numbered in Roman 
and individuals are numbered across each generation in Arabic numerals. These are ideal pedigrees; those encountered in the clinic are rarely so clear-cut. 


contains many mitochondria. Mitochondrial mutations show a 
particularly poor correlation between genotype and phenotype— 
for example, the A3243G mutation has been identified as the 
cause of nonsyndromal hearing loss in some people but diabetes 
in others (2). 

Figure 1.2 shows ideal pedigrees for the main modes of 
inheritance. Note the conventions used in drawing pedigrees. 

Several factors commonly complicate pedigree interpretation: 


Nonpenetrance. This describes the situation where a person 
carries a gene that would normally cause them to have a 
condition but does not show the condition. Evidence for 
this can come from the pedigree (an unaffected person who 
has an affected parent and an affected child) or from DNA 
testing. The cause is straightforward: a rare lucky combina- 
tion of other genes or environmental factors may occasion- 
ally rescue the person from the condition. Penetrance can 
be age related, as in late onset hearing loss. Mitochondrial 
conditions are especially likely to show reduced penetrance. 
Nonpenetrance is a serious pitfall in genetic counselling. 
New mutations. For dominant or X-linked conditions that 
seriously diminish reproductive prospects, many new cases 
are caused by fresh mutations. This is not normally the case 
for recessive conditions. 

Mosaicism. A person carrying a new mutation may have a 
mixture of mutant and nonmutant cells if the mutation 
happened in one cell of the early embryo. This can directly 


affect their phenotype and can also produce an unusual 
pedigree pattern if their gonads contain some mix of normal 
and mutant cells. Such germinal mosaicism explains why 
occasionally a phenotypically normal person with no family 
history produces two or more offspring affected by a domi- 
nant condition. 

Phenocopies. People who clinically have the condition, but 
for a nongenetic reason. Obviously, this is a major problem 
in interpreting pedigrees of hearing loss. 

Deaf—deaf marriages. These can make it impossible to work 
out who inherited what from whom. 


Genes as functional units of DNA 


Overview 


Back in the 1940s, Beadle and Tatum recognised that the primary 
function of a gene is to direct the synthesis of a protein. In mod- 
ern terms, the sequence of A, G, C, and T nucleotides in the DNA 
is used to specify the sequence of amino acids in the polypeptide 
chain of a protein. In essence, the process consists of two steps: 


1. An RNA copy is made of the gene sequence (transcription). 

2. The nucleotide sequence in the RNA is used to specify 
the sequence in which amino acids are assembled into a 
protein, via the genetic code (translation). 
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In slightly more detail (Fig. 1.3): 


1. A decision is made to transcribe a particular small segment 
of the continuous DNA strand. 

2. An RNA copy of the whole gene sequence (the primary 
transcript) is made by the enzyme RNA polymerase. 

3. The primary transcript is processed, mainly by cutting out 
introns (see below) and splicing together exons, to produce 
the mature mRNA. 


2nd base in codon 
U Cc A G 
Phe Ser Tyr Cys U 
U Phe Ser Tyr Cys Cc 
Leu Ser STOP | STOP A 
6 Leu | Ser | STOP | Trp G : 
so} 
7 Leu Pro His Arg U Ss 
£ Leu Pro His Arg c ) 
% Cc Leu | Pro Gin Arg A 3 
8 Leu Pro Gin Arg G 8 
2 lle Thr Asn Ser U S 
lle Thr Asn Ser c 
A | te Thr | Lys Arg A 
Met Thr Lys Arg G 
Val Ala Asp Gly U 
Val Ala Asp Gly Cc 
G | va | Ala | Gu Gly A 
Val Ala Glu Gly G 


Figure 1.4 The genetic code. This code is almost universal in all living 
organisms, although the small protein synthesis apparatus within mitochondria 
uses a Slightly modified version. 


Figure 1.3 Essentials of gene expression. 


4. The mRNA moves out from the nucleus to the cytoplasm, 
where a complicated machinery comprising ribosomes and 
transfer RNAs (tRNAs) translates it. In the genetic code, 
(Fig. 1.4) three consecutive nts form a codon, coding for 
one amino acid. Since there are 64 possible codons to 
encode only 20 amino acids, most amino acids are encoded 
by more than one codon. When the ribosome encounters 
any one of three stop codons (UGA, UAA, or UAG), it 
detaches from the mRNA and releases the newly synthe- 
sised polypeptide chain. 


Transcription 


Transcription starts when a large multiprotein complex includ- 
ing RNA polymerase is assembled at a particular point on the 
DNA. DNA sequences (promoters) that are able to bind the 
complex mark the genes, which are quite thinly scattered along 
either strand of the double helix. The DNA-binding proteins of 
the complex (transcription factors) include some that are uni- 
versal and others that are present only in specific cells or tissues, 
or in response to specific signals. Other proteins stabilize or 
destabilize the complex purely through protein-protein interac- 
tions (co-activators and co-repressors). This specific and 
variable activation or repression of transcription is the 
major way in which cells establish their identity (muscle cells, 
neurons, and lymphocytes all contain the same genes, but 
activate them differentially) and control their activity. Not 
surprisingly, mutations in the genes encoding transcription 
factors are a major cause of genetic disease, including 
hereditary deafness. 
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The primary transcript is an RNA molecule corresponding 
precisely to the DNA sequence of the gene. RNA is chemically 
virtually identical to DNA, with small differences: 


RNA has ribose where DNA has deoxyribose 
RNA has uracil (U) wherever the corresponding DNA has 


thymine. 


These small differences allow the cell to target different 
enzymes to RNA and DNA so that they perform different func- 
tions in the cell. DNA is the central archive of genetic infor- 
mation; RNA molecules have quite a variety of different roles 
(Table 1.1). RNA is single stranded simply because cells do not 
contain enzymes to synthesise a complementary strand. Splic- 
ing, ribosomes, and transfer RNA are described below. 

If the DNA sequence at some point reads AGTC, the RNA 
transcribed from this strand would read GACU, writing the 
sequences, as always, in the 5’—3’ direction. This is where the 
convention mentioned above is brought in to make life simpler. 
Rather than give the sequence of the DNA strand that was used 
as a template in transcription, we give the sequence of the 
opposite strand (the “sense strand”). This is GACT, and so, 
immediately relates to the RNA sequence. Gene sequences are 
always written in this way. 


Processing the primary transcript: exons 
and introns 


In 1977, a wholly unexpected and baffling feature of our genes 
was discovered. At that time, the broad outlines of transcription 
and translation had been identified through work on the bac- 
terium Escherichia coli. But in 1977, researchers discovered that 
in humans and chickens, the coding sequence of a gene was split 
into several noncontiguous segments (exons) separated by non- 
coding introns. This exon—intron organisation turned out to be 
typical of the great majority of genes in all eukaryotes (organisms 


Table 1.1 A partial list of the types of RNA in a cell 


RNA species 


Messenger RNA (> 100,000 types) 
Ribosomal RNA (2 species) 


Transfer RNA (ca. 50 species) Ca. 80 nt 


Small nuclear and nucleolar RNAs 
(many types) 


Micro-RNA (several hundred types) 20-22 nt 


Abbreviation: nt, nucleotide. 


Typical size 


500-15,000 nt 
4700, 1900 nt 


Typically ca. 100 nt 


higher than bacteria). There is no seeming logic in the number 
or size of introns. Over the whole human genome, the average 
number is eight, but for different genes, it varies from 0 to over 
100. Their size also varies enormously, from a dozen nts up to 
over 100 kb. Exons also vary in size from a few nucleotides up to 
several kb, though the distribution is more clustered around 100 
to 150bp. Introns are usually bigger than exons—the average in 
humans is 1300 bp—and so the majority of most genes consists 
of noncoding sequence. Table 1.2 shows some typical examples. 
Arguably, this exon—intron organisation allows novel proteins to 
evolve by shuffling exons that encode functional modules; but it 
is fair to say that nobody predicted that our genes would be 
organised in this way, and it still remains one of the most 
remarkable aspects of the human genome. 

Overall, the average human gene is 27 kb long, has nine exons 
averaging 145 bp, and the introns average 3365 bp—but as the 
table shows, the range is very wide. Note that the “size in genome” 
figure refers to the transcribed sequence (exons + introns) and 
does not include the promoter or other regulatory sequences. 

Within the cell nucleus, the primary transcript is processed 
by physically cutting out the introns that are degraded and 
splicing together the exons. This is done by a complex 
machine, the spliceosome, which consists of numerous proteins 
plus some small RNA molecules. Spliceosomes recognize 
introns in the primary transcript through details of the 
nucleotide sequence. Introns nearly always start with GU and 
end with AG. In themselves those signals would not be suffi- 
cient—most GU or AG dinucleotides do not function as splice 
sites. Splice sites are recognised when the invariant GU or AG 
is embedded in a broader consensus sequence. 

For many genes—at least 40% of all human genes, probably 
the majority—primary transcripts can be spliced in more than 
one way, so that several isoforms are produced. There may also 
be alternative start points for transcription. Thus, a single gene 
often encodes more than one protein. Much of this alternative 


Role in cell 


Mediators of gene expression 


Structural and functional 
components of the ribosome 


Each ferries a specific amino acid 
to the ribosome and base pairs with 
the appropriate codon in the mRNA 


Control mRNA splicing and other 
RNA processing 


A recently discovered class believed 
to be important regulators of 
gene expression 


Table 1.2 Structures of some human genes 


Gene Size in genome No. of exons 

(kb) (bp) 
Interferon AG (IFNA6) 0.57 1 570 
Insulin (INS) 1.4 3 154 
Class 1 HLA (HLA-A) 2.7 7 160 
Collagen VII (COL7A1) 51 118 78 
Phenylalanine 78 12 206 

hydroxylase (PAH) 

Cystic fibrosis (CFTR) 189 27 227 
Dystrophin (DMD) 2090 79 178 


splicing is functional and may be controlled according to 
the needs of the cell, though in some cases it may just reflect 
inefficiencies in the machinery. Figure 1.5 shows a typical 
human gene, with large introns and several alternative splice 
isoforms. 

Mutations that alter splice signals are a major cause of mal- 
function of genes. Researchers have found it difficult to predict 
when a sequence change near an intron—exon boundary will 
affect splicing, and probably this class of mutations often goes 
unrecognised when it does not alter the invariable GU...AG 
signal. The only sure way to identify splicing patterns is to study 
mRNA extracted from appropriate cells. 

To complete processing of the primary transcript, a specific 
nonstandard nt (the “cap”) is added to the 5’ end and a string 
of around 200 A nts is added to the 3’ end [the poly(A) tail]. 
The mature mRNA is now ready to move to the cytoplasm to 
be translated. 


Translation 


In the cytoplasm, ribosomes engage the 5’ end of mRNA 
molecules. Ribosomes are huge multimolecular complexes 
comprising two large RNA molecules (ribosomal RNA) and 
around 100 proteins. The ribosomes physically slide along the 
mRNA until they encounter a start signal. This is the codon 
AUG embedded in a consensus (“Kozak”) sequence. At this sig- 
nal, they start assembling amino acids into a polypeptide chain, 
moving along the mRNA and incorporating the appropriate 
amino acid in response to each triplet codon, according to the 
genetic code (Fig. 1.4). Amino acids are brought to the ribo- 
some by yet another class of small RNA molecule, tRNAs. 
Ultimately, which amino acid is incorporated in response to 
which codon depends on which tRNA carries that amino acid, 
which in turn is determined by the specificity of the enzymes 
that join amino acids onto tRNA molecules. There is no 
evident logic in the code. It is a sort of frozen accident; it could 


Average exon size 
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Average intron size Exons as % of 


(bp) primary transcript 
- 100 
483 32 
269 4] 
358 18 
6264 3.4 
7022 3.2 
26615 0.7 


perfectly well have been different, but once arrived at, any 
mutation that changed it in an organism would cause such 
chaos as to be lethal. 

Translation continues until a stop codon (UAG, UAA, or 
UGA) is encountered, at which point the ribosomes detach 
from the mRNA and release the newly synthesised polypeptide 
chain. This may then undergo a whole series of specific enzyme- 
catalysed modifications—cleaving off parts, attaching sugars or 
other residues—before being transported to the location inside 
or outside the cell where it is required. 

Note that only part of the mature mRNA carries the code 
for protein. Although the introns have all been removed within 
the nucleus, the remaining exonic sequence includes the two 
untranslated ends of the mRNA—the 5’ untranslated sequence 
(5'UT) between the cap and the start codon, and the 3’UT 
between the stop codon and the poly(A) tail. Both these 
untranslated sequences are important for correct control of 
translation and mRNA stability, so changes in them can have 
consequences for gene function. However, we understand very 
little of the detail; so, it is usually impossible to predict whether 
a mutation in either of these sequences will be pathogenic. 


Overview of the human genome 


Our genome (one copy of chromosome 1, one copy of chromo- 
some 2, etc.) comprises about 3.2 X 10” bp of DNA. There are 
about 24,000 protein-coding genes on current estimates; this 
figure is provisional because there is no sure-fire way of recog- 
nising genes. Genes are scattered quite thinly and apparently 
randomly along the chromosomes, with no evident reason why 
a gene is in one place rather than another. Figure 1.6 shows an 
example. This figure also illustrates one of the main computer 
programs (genome browsers) used to make sense of the raw 
human-genome sequence in the public databases. 

About 1.5% of our genome codes for protein. So what does 
the other 98.5% do? 
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Figure 1.5 A typical human gene. The diagram shows a 100 kb section of chromosome 2 containing the PAX3 gene, which encodes three isoforms. The horizontal 
lines represent the primary transcripts. Vertical bars represent exons; the lines linking each set of exons represent the introns. Solid bars are coding sequence; 
open bars are the 5’ and 3’ untranslated sequences. The transcript marked by an asterisk has eight exons that in total make up 3% of the primary transcript. 
Source: From Ref. 3. 


The transcribed gene sequences, as explained above, 
include the 5’ and 3’ untranslated sequences and also all 
the introns. Genes, including their introns, account for 
about 20% of our genome. 

Gene expression is regulated by nontranscribed sequences. 
Most obviously, this includes the promoter, which lies 
immediately upstream of the gene, but other regulatory 
elements (“enhancers” and “locus control regions”) may be 
situated anything up to 1Mb either side of the transcribed 
sequence. These poorly understood elements bind activat- 
ing or repressing proteins, and the DNA may loop round 
so that physically it lies close to the promoter of the gene 
it regulates. Alternatively, the regulatory proteins may trig- 
ger chemical modification of the histone proteins in 
chromatin, causing a structural change in the chro- 
matin. Chromatin configuration (“open” vs. “closed”) is a 
key determinant of gene activity. Much current interest 
attaches to identifying and investigating noncoding 
sequences that are highly conserved in evolution (i.e., 
are little changed between humans, mice, and, maybe, 
other organisms), on the assumption that evolutionary 
conservation implies an important function. Such con- 
served noncoding sequences make up around 3% of our 
genome. 

Exploring our DNA reveals many nonfunctional copies of 
active genes. These pseudogenes are believed to have arisen 
through accidental duplication of a gene. Once there are 
two copies, there is no pressure of natural selection to 
prevent mutated versions of one copy being transmitted to 
the offspring. 


As well as the 24,000 protein-coding genes, we have other 
genes whose product is a functional RNA. These include all 
the classes of non-emRNA shown in Table 1.1. The computer 
programs that are used to identify genes in the raw genome 
sequence are very poor at identifying genes that do not 
encode proteins; so, we have little idea how many such genes 
we have. A large fraction of our genome is at least occasion- 
ally transcribed, but it is not known how much of this is func- 
tional and how much is just mistakes by the transcription 
machinery. Micro-RNAs (miRNAs), in particular, are a very 
hot topic in research. Some workers believe miRNAs will 
turn out to control much of the way our genome functions. 
Some DNA sequences control chromosome structure and 
function. These include centromeres, telomeres (the ends 
of chromosomes, which are marked by special structures), 
and scaffold attachment regions that bind the DNA in 
large (20-100kb) loops to the central protein core of the 
chromosome. 


Some 50% of our DNA consists of repetitive sequences. 
That is, the same sequence is present several times in the 
genome. A small proportion of this represents genes that are 
present in many copies, particularly the genes that encode the 
various functional RNA molecules shown in Table 1.1. The rest 
fall into two categories: 


Tandem repeats: The same sequence is repeated a few to 
several thousand times one after another at a particular 
location in the DNA. Tandem repeats are important for the 
structure of centromeres and telomeres; other tandem 
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Figure 1.6 Genes in a 0.5 Mb stretch of the short arm of human chromosome 7. The chromosome is shown as a thick black line. Genes are shown as exons 
(vertical lines) linked together to show how they are spliced. Note the small proportion of the total sequence that is occupied by exons. Genes shown above the 
line are transcribed from left to right, using the upper DNA strand as the sense strand; those below the line use the lower strand and so are transcribed in the 
opposite direction (remember that the two strands of the double helix are antiparallel). Source: From Ref. 3. 


repeats are thought to arise from mistakes in DNA 
replication (“stuttering”) and are not functional but are 
important research tools for gene mapping (microsatellites, 
see below). 

Interspersed repeats: The same sequence is present at many dif- 
ferent locations in the genome. The great majority of all 
repetitive DNA, and about 45% of the entire human genome, 
is made up of families of repeats that have, or had in the past, 
the ability to replicate themselves within the genome, almost 
like viruses. Scientists argue about whether these “transposon- 
derived repeats” are useless “junk DNA” or whether they have 
some beneficial function. Studying these repeats reveals much 
about the evolution of mammalian genomes. We have about 
1,200,000 copies of one family, the 280bp Alu sequence, and 
about 600,000 copies (mostly incomplete) of the 6.5kb LINE1 


sequence. 


One cannot fail to be struck by the contrast between, on 
the one hand, our anatomy and physiology, where we con- 
stantly encounter marvels of natural engineering, elegant func- 
tional adaptation, and beautiful fitness for purpose, and, on the 
other hand, our genome, which seems disorganised and chaotic. 
Maybe there is some deep organising principle of genomes that 
we do not understand, but more probably, it is because natural 
selection has no interest in a tidy genome, just as long as it 
works. 


Mapping and identifying genes 


Two ways of identifying genes 


At the start of this chapter, I described the two ways genes are 
recognised, as functional units of DNA or as determinants of 
mendelian characters. These two views underlie the two broad 
strategies for identifying genes. 

Genes as functional DNA units are identified by careful 
study of the genome sequence (“annotating the sequence”). 
Computer programs scan the sequence for open reading 
frames—stretches of the DNA that can be read as protein code 
without hitting a stop codon. Figure 1.7 shows a hypothetical 
example. 

This sort of analysis is fairly straightforward in bacteria, but 
in higher organisms, the open reading frames are fragmented by 
introns. Programs must try to identify fragments of coding 
sequence flanked by plausible splice sites and thinly scattered 
through much longer regions of noncoding DNA. As men- 
tioned above, even this route is not available for genes that 
encode functional RNAs rather than proteins. As a result, gene 
predictions are uncertain and provisional until supported by 
laboratory identification of the predicted mRNA. 

In the laboratory, for technical reasons, it is convenient to 
study mRNA in the form of synthetic DNA copies [comple- 
mentary DNA (cDNA)]. Because cDNAs represent only a 
small fraction of our genome (maybe 2%) but contain all the 
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protein-coding information, much human genome research has 
focused on cDNAs. Databases compiled by industrial-scale 
sequencing of small segments of cDNAs (expressed sequence 
tags) prepared from different tissues are important resources for 
identifying genes and for seeing which genes are expressed in a 
given tissue. 

Genes as determinants of mendelian characters cannot be 
picked out in this way. No amount of analysis of the DNA 
sequence databases, or sequencing of cDNAs, could produce 
anything labeled “Late-onset hearing loss” or “Pendred 
syndrome.” Genes defined in this way can only be found by 
studying families where the condition is segregating. 


Genetic mapping 


The principle of genetic mapping of a mendelian character is to 
find a chromosomal segment whose segregation in a 
family or series of families exactly parallels the segregation 
of the character being investigated. Figure 1.8 shows the 
principle. 

Chromosomal segments are followed through pedigrees by 
using genetic markers. A genetic marker can be any character 
that is variable in a population and is inherited in a mendelian 
fashion. In practice, DNA polymorphisms are invariably used. 
Two types of common DNA variants are the main tools for cur- 
rent genetic mapping: 


Single nucleotide polymorphisms (SNPs): The history of our 
species has endowed us with a rather counterintuitive pat- 
tern of variability in our DNA. Most nucleotides are the 
same in all of us, with occasional rare variants, but about 1 
nucleotide in every 300 is polymorphic, with two alterna- 
tives being reasonably common in populations worldwide. 
Around 10 million SNPs have been identified. Almost all 
are in the 98% of our DNA that does not code for protein, 
and they have no phenotypic effect. 

Microsatellites: These are a subgroup of the tandem 
repetitive DNA in which the repeating unit is a two-, 
three-, or four-nt sequence. Often, the number of units in 
the repeated block varies from person to person. For exam- 
ple, everybody might have a run of CACACACA... at a 
particular location on chromosome 3, but in some people 


there might be 10 CA units, in others 11, 12, 13, etc. 


5’ CCTATGGCATGGTCTCGCTAAACATTCCACATCGTGCATAGCGGC 3’ 
3’ GGATACCGTACCAGAGCGATTTGTAAGGTGTAGCACGTATCGCCG 5’ 


Figure 1.7 Looking for an open reading frame. Both strands of the DNA are 
shown. Any ATG triplet (reading 5’—> 3’ as always) could mark the start of 
an open reading frame (AUG in a mRNA). But each of the underlined ATGs 
leads quickly to a stop codon, TGA, TAA, or TAG when the sequence is read 
5’— 3’ in triplets. Only the double-underlined ATG starts an open reading 
frame, suggesting it might mark the translation start of a gene. A real gene 
should have an open reading frame of 100 amino acids or more. 
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Either type of marker can be easily scored by standard lab- 
oratory methods (see SGR2 section 17.1.3 for details). 

The protocol for mapping a mendelian condition consists, 
in principle, of the following: 


1. The starting point is a large family, or more often a collec- 
tion of families, in which the condition of interest is segre- 
gating. DNA samples must be obtained from all family 
members, and the diagnoses carefully confirmed by an expe- 
rienced clinician. 

All the DNA samples are typed for a genetic marker. 

3. The results are checked to see whether segregation of the 
marker follows segregation of the condition. The test 
statistic is the lod score, calculated by computer. This is the 
logarithm of the odds of linkage versus no linkage. A lod 
score of 3.0 corresponds to the conventional p< 0.05 
threshold. (See S&R2 section 11.3 for an explanation of 
lod scores.) 

4. Assuming the lod score falls short of 3.0, try another marker 
and keep trying marker after marker until you find evidence 
of linkage. In a typical family collection, about 300 
microsatellites or 1000 SNPs would be required to test 
every chromosomal segment. 

5. When convincing linkage is found, the chromosomal loca- 
tion of the relevant DNA polymorphism (which can be 
looked up in public databases) identifies the approximate 
location of the disease gene. If the marker tracks nearly but 
not quite always with the disease, other markers from 
nearby on the chromosome can be used to define the mini- 
mal chromosomal segment that tracks completely with the 
disease. This defines the candidate region that must contain 
the disease gene. 


% 


Positional cloning 


Once a candidate region has been defined by genetic mapping, 
we need to find which gene within that region is mutated to 
cause the condition. In years past, this endeavour, called posi- 
tional cloning, was a massive undertaking that often involved 
years of intensive toil by small armies of postdoctoral scientists. 
Now that we have the human genome sequence, it is very much 
easier. We can search the public databases to draw up a list of the 
genes within the candidate region. Hopefully, the list will be not 
more than a few dozen. These are then prioritised for investiga- 
tion based on any available knowledge about their function, 
domain of expression, etc. A gene causing nonsyndromal hearing 
loss should be expressed in the inner ear, and ideally it should 
encode an ion channel, motor protein, or gap junction protein, 
since these are the commonest genes involved in hearing loss. A 
gene causing syndromal hearing loss should be expressed during 
the development of the ear and the other organs involved, and 
ideally, it should encode a transcription factor. 

Given a candidate gene, its sequence is then examined in a 
panel of unrelated individuals who have the condition being 
investigated. The correct gene is one that is mutated in those 
people but not in unaffected controls. The techniques used to do 
this are the same as those used in genetic testing (see below). 


How genes go wrong 


The mechanics of mutations 


As we have seen, the route from genotype (the DNA sequence) 
to phenotype (an observable character) is long and complex. 


Scenario 


Scenario 
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Figure 1.8 The principle of genetic mapping. The diagram shows two possible ways a specific chromosome might segregate in a family in which hearing loss is 
being transmitted as an autosomal dominant trait. The mother in generation II (Il-1) inherited her hearing loss from her father. The chromosome that she inherited 
from her father is shown in bold. In Scenario 1, there is no relation between whether an offspring in generation III inherits hearing loss and whether they inherit 
the marked chromosome. This suggests that the gene responsible for the hearing loss is not on that particular chromosome but on one of the other 22 that II-1 
received from her father. In Scenario 2, inheritance of the bold chromosome exactly parallels inheritance of hearing loss. If this happens sufficiently often, it would 
suggest that the hearing-loss gene is carried on that chromosome. This is the principle of linkage analysis. However, in real life, pairs of chromosomes swap segments 
during each meiosis, so what we have to follow through the pedigree is a chromosomal segment rather than a whole chromosome. 


Inevitably, it can go wrong in many different ways. Table 1.3 
lists the main things that can go wrong. 

Frameshifts are best explained by an example. Consider 
a string of letters that is to be read as a series of three-letter 
words: 


The big bad boy hit the cat.... 


If we add or delete one letter, from then on the whole mes- 
sage is corrupted: 


The bix gba dbo yhi tth eca t 
The bib adb oyh itt hec at..... 


When the ribosomes translate an mRNA, the reading frame 
is fixed by the AUG start codon, and there is no further check. 
So just as in the above examples, it can be thrown out by inser- 
tions or deletions. Frameshifts result not only from insertion or 
from deletion of any number of nucleotides that is not a multi- 
ple of three but also from splicing mutations or exon deletions 


Table 1.3. How genes go wrong 


Type of change Likely effect 


Delete all of the gene 


Delete one or more exons Variable 


Mutation in promoter 


May change level of 
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that remove a nonintegral number of codons. Since 5% (3/64) 
of random codons are stop codons, when ribosomes read an 
mRNA out of frame, it is usually not long before they encounter 
a stop codon. Unexpectedly, premature stop codons (whether 
due to frameshifts or nonsense mutations) usually do not result 
in production of a truncated protein. Instead, in most cases, the 
mRNA is broken down and the result is no product. This “non- 
sense mediated decay” probably functions to protect the cell 
against deleterious effects of partially functional proteins. 

A major distinction is between mutations that totally abol- 
ish gene expression or totally wreck the product and those that 
lead to an abnormal degree of expression or to a recognizable 
but abnormal product. As indicated in the table, this is not 
always easy to predict just by looking at the sequence change 
and may need to be checked experimentally. Many missense 
mutations have no effect on the function of the gene product, 
but this is virtually impossible to predict—as genetic diagnostic 
laboratories have learned to their cost. 


Whether function should 
be totally abolished 


Total absence of product Yes 


Generally yes, but missing 
exon(s) may not be necessary 
for gene function or may be 
used in only one splice isoform 


Generally no, but hard to predict 


expression of the gene 


Missense mutation in 
coding sequence 


Synonymous change in 
coding sequence 


Nonsense mutation 


Frameshift mutation 


Change invariant GT ... AG splice signal 


Mutations in 5’UT or 3’UT 


Mutations in introns 


Abbreviations: bp, base pair; nt, nucleotide. 
Source: From Ref. 3. 


Replace one amino 
acid with another 


Replaces one codon for an 
amino acid with another 
for the same amino acid 


Mutate an amino acid codon to a stop codon 


Insert or delete 1, 2, or any number 
of nts that is not a multiple of 3, so as to 
change the reading frame 


Exon may be skipped, or intronic material 
retained in the mature mRNA 


Might affect stability of mRNA 


None, unless they affect splicing 


Not unless that amino 
acid is vital to the function 


Usually no effect, 

but sometimes the 
change may affect splicing 
Usually yes 


Usually yes 


Usually yes, but it may just 
alter balance of splice isoforms 
Unlikely, but hard to predict 


Usually no, but effects on splicing 
are hard to predict 
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The effects of mutations 


In attempting to think through the likely effect of a mutation, 
the first question to ask is whether it causes a loss of function or 
a gain of function. 


Loss of function results from complete gene deletions, most 
frameshift, nonsense, and splice site mutations, and from 
some missense mutations. All mutations that cause com- 
plete loss of function of a gene would be expected to have 
the same phenotypic effect. What this effect is depends on 
how vital the function is and the other allele. Assuming the 
other allele functions normally, cells of a heterozygous per- 
son have 50% of the normal amount of the gene product. 
For many genes, this is sufficient for normal function; 
the person is normal and the condition is recessive. The 
common frameshifting mutation in connexin 26, 35delG, 
is an example. In some cases 50% is not sufficient 
(“haploinsufficiency”), a heterozygote will be affected and 
the condition is dominant. Loss of function mutations in 
the PAX3 gene causing Type 1 Waardenburg syndrome 
are an example of haploinsufficiency. Mutations causing 
a partial loss of function might be expected to have 
similar but milder effects, though much depends on the 
details. 

Gain of function does not usually mean gain of an entirely 
novel function—this happens in tumours when chromoso- 
mal rearrangements may combine exons of two genes, but it 
is almost unknown among inherited mutations. Rather, it 
means a gene being expressed inappropriately—at the 
wrong level, in the wrong cell, in response to the wrong sig- 
nal, etc. Alternatively, it can mean that the product of the 
mutated gene is toxic or interferes with the working of the 
cell. For example, some missense mutations in connexin 26 
cause dominant hearing loss because the abnormal protein 
causes gap junctions between cells to behave abnormally. 
This is called a dominant negative effect. Gain-of-function 
mutations are likely to produce dominant effects because 
the gain of function is present even in a heterozygous 
person. Since the effect depends on the presence of the 
gene product, these are normally missense mutations. 


Genotype—phenotype correlations are the Holy Grail of 
clinical molecular genetics. We would like to be able to see a 
change in the DNA sequence and predict what effect that 
would have on the person carrying it. Very seldom is that pos- 
sible. Although we know many genes that, when mutated, can 
cause hearing loss, it is unrealistic to expect that a given muta- 
tion will always cause a specific degree of loss, a specific audio- 
gram configuration, or a specific age of onset in every mutation 
carrier. Even mendelian conditions do not really depend on just 
a single gene, and the innumerable genetic and environmental 
differences between people are likely to have some effect on the 
phenotype. Thus, although it is always sensible to look for 
genotype—phenotype correlations, we should not hold exagger- 
ated hopes of what we might find. 


Genetic testing 


The central problem in genetic testing is to see the one partic- 
ular piece of DNA of interest against a background of the 
6 X 10” bp of irrelevant DNA in every cell. There are two gen- 
eral solutions to this: 


Selectively amplify the sequence of interest to such an 
extent that the sample consists largely of copies of that 
sequence. 
Pick out the sequence of interest by hybridising it to a 
matching sequence that is labeled, e.g., with a fluores- 
cent dye. 


In the past, selective amplification was achieved by cloning 
the sequence into a bacterium, but nowadays the polymerase 
chain reaction (PCR) is universally used. For details of this 
technique see SGR2 section 6.1; for present purposes, it suffices 
to know that PCR allows the investigator to amplify any chosen 
sequence of up to a few kilobases to any desired degree in a few 
hours. All that is necessary is to know a few details of the actual 
nucleotide sequence that is to be amplified and to order some 
specific reagents (PCR primers) from one of the firms that cus- 
tom-produce these. Almost all genetic testing involves PCR, 
although some companies make kits based on alternative 
methods, mainly to avoid the royalty payments required of 
users of the patented PCR process. The big limitation of PCR is 
that it can only be used to amplify sequences of, at most, a few 
kilobases. It is not possible to PCR-amplify a whole gene (aver- 
age size 27kb), still less a whole chromosome (average size 
100 Mb). 

Hybridisation depends on the fact that the two strands of 
the DNA double helix can be separated (“denatured”) by brief 
boiling, and when the resulting single-stranded DNA solution 
is cooled, each Watson strand will try to find a matching Crick 
strand. If a dye-labeled single strand corresponding to the 
sequence of interest (a “probe”) is added, some of the test DNA 
will stick to the probe and can be isolated, followed, or charac- 
terised by using the label. Hybridisation was important in 
the now largely obsolete technique of Southern blotting, and it 
has regained importance as the principle behind microarrays 
(“gene chips”). 

Various applications of PCR and/or hybridisation make it 
relatively straightforward to check any predetermined short 
stretch of a person’s DNA—but the key word is “short.” In gen- 
eral, each exon of a gene must be the subject of a separate test, 
and when DNA is sequenced, a maximum of around 500 to 
700 bp can be sequenced in a single test. Details of how these 
methods work are given in S@R2 sections 6.3 and 17.1, but the 
key point to appreciate is that our ability to answer questions 
about a person’s DNA depends crucially on the precision with 
which the question is posed. 

Consider three possible questions: 


1. Does this patient have any genetic cause for her hearing 
loss? 


2. Does this patient have any mutation in her connexin 26 
genes that could explain her hearing loss? 

3. Does this patient have the 35delG mutation in her 
connexin 26 genes? 


Question 1 is unanswerable in any diagnostic setting—it 
might well be too challenging even for a PhD project. Question 
3, on the other hand, can be answered cheaply and in an after- 
noon. Question 2 lies somewhere in between. To answer it, it 
would be necessary to examine the entire gene. For connexin 26, 
this is fairly simple because it is a small gene with only two 
exons. The same question in Type 1 Usher syndrome is a very 
different proposition. Several different genes can cause Type 1 
Usher syndrome, and they are large—MYO7A for example has 
50 exons. Most diagnostic laboratories would not be willing to 
devote so much effort to a single case, and even if they were will- 
ing, the cost would be high. Gene chips and/or developments in 
laboratory automation may, in the near future, make such prob- 
lems much more tractable—but it remains true that the key to 
successful genetic testing is to pose a precise question. 

DNA technology is developing very fast. Sequencing and 
genotyping become cheaper every year and new technologies 
allow both to be done on scales that were unthinkable a few 
years ago. Some companies claim to be developing methods 
that would allow a person’s entire genome to be sequenced in a 
few days for a few thousand dollars. Optimists and pessimists 
alike dream of the day when everybody’s complete genome 
sequence will be stored in vast databases; they differ only in 
their reaction to this prospect. Among all this heady talk, it is 
important to remember that DNA analysis can reveal only 
those things about us that are genetically determined. 


Glossary 


Allele: One or several possible forms of a particular gene, 
which may or may not be pathological. 


Autosome: Any chromosome other than the X or Y sex 
chromosomes. 


Autosomal Dominant: The pedigree pattern seen when an 
allele at an autosomal locus causes a dominant character. 
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Autosomal Recessive: The pedigree pattern seen when an 
allele at an autosomal locus causes a recessive character. 


Base: The heterocyclic rings of atoms that form part of 
nucleotides. Chemically, adenine and guanine are purines, 
cytosine, thymine, and uracil are pyrimidines. 


Base Pair: The A-T and G-C pairs in the DNA double helix. 
They are held together by hydrogen bonds. 


Carrier: An unaffected person with one pathogenic and one 
normal allele at a locus. Best restricted to heterozygotes for 
recessive conditions, but the word is sometimes applied to unaf- 
fected people with a gene for an incompletely penetrant or late- 
onset dominant condition. 


cDNA: A DNA copy of a mRNA, made in the laboratory. 
DNA is more stable than RNA and can be cloned, sequenced, 
and manipulated in ways that RNA cannot. 


Chromatin: A nonspecific term for the DNA-protein complex in 
which the DNA of eukaryotic cells is packaged. Heterochromatin 
is a highly condensed genetically inert form of chromatin, charac- 
teristic of the centromeres of chromosomes; the alternative is 
euchromatin. 


Coactivator: A protein that helps to assemble the various 
protein components needed to initiate transcription by binding 
to several components of the complex. 


Corepressor: A protein that works in the same way as a 
co-activator, but to opposite effect. 


Codon: The trio of nucleotides in a gene or mRNA that 
encodes one amino acid. Codons in the mRNA base pair with 
anticodons in the tRNA. 


Consanguineous: Parents are consanguineous if they are blood 
relatives. Since ultimately everybody is related, a practical 
working definition is that the parents are second cousins or 
closer relatives. Second cousins are children of first cousins; first 
cousins are children of sibs. 


Dominant: A character that is manifest in a heterozygote. 


Dominant Negative Effect: An inhibitory effect, seen in a 
heterozygote when a mutant protein prevents the normal 
version from functioning by sequestering it in nonfunctional 
dimers or multimers. 


Eukaryote: Any organism higher than bacteria. Characterised 
by cells with a membrane-bound nucleus, internal organelles, 
DNA in the form of chromatin and genes with introns. 


Exon: The parts of the DNA or primary transcript of a gene 
that are retained in the mature mRNA. 


Expressed Sequence Tag (EST): A partial sequence, typically 
around 300 nt, of acDNA—incomplete but sufficient to recog- 
nise it uniquely. 


Genetic Marker: Any character used to follow a segment of a 
chromosome through a pedigree. SNPs and microsatellites are 
the genetic markers of choice. 
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Genotype: The genetic constitution of a person. One can talk 
of the genotype at a single locus, or the overall genotype. 
Cf. Phenotype. 


Germinal Mosaicism: Mosaicism affecting the gonads, so that 
a person can produce sperm or eggs representing each genotype 
present in the mosaic. 


Haploinsufficiency: The situation where a 50% level of 
function of a locus is not sufficient to produce a fully normal 
phenotype. It causes loss-of-function mutations to produce 
dominant conditions. 


Haplotype: A series of alleles at linked loci on the same physi- 
cal chromosome. 


Heterozygous: Having two different alleles at a locus. 
Homozygous: Having two identical alleles at a locus. 


Hybridisation: The process where two single strands of DNA 
or RNA that have complementary sequences stick together to 
form a double helix. 


Intron: The parts of a primary transcript of a gene that are 
removed and degraded during splicing. It is sometimes called 
intervening sequences (IVS). 


Isoforms: Different forms of the protein product or mature 
mRNA of a single gene produced by alternative splicing of 
exons or the use of alternative start sites—a normal feature of 
gene expression. 


Locus: The position that a gene occupies on a chromosome. 
Since people have a pair of each autosome, a person has two 
alleles (identical or different) at each autosomal locus. 


Locus Heterogeneity: Locus heterogeneity is seen when indis- 
tinguishable mendelian disorders can be caused by mutations at 
more than one locus. This is a common finding in genetics, e.g., 
Usher syndrome Type 1 can be caused by mutations at loci on the 
long arm of chromosome 14 (14q31), the long arm of chromo- 
some 11 (11q13) or the short arm of chromosome 11 (11p13). 


Lod Score: The statistical outcome of linkage analysis. It is the 
logarithm of the odds of linkage versus no linkage. A lod score 
above +3 gives significant evidence for linkage, and a score 
below —2 gives significant evidence against linkage. 


Lyonisation: An alternative name for X inactivation, a phe- 
nomenon discovered by Mary Lyon. 


Marker: See Genetic marker. 


Meiosis: The specialised cell division that produces sperm and 
eggs. It consists of two successive cell divisions that ensure each 
gamete contains 23 chromosomes with a novel combination of 
genes. 


Mendelian: A character or pedigree pattern that follows 
Mendel’s laws because it is determined at a single chromosomal 
location. Characters determined by combinations of many 
genes are called multifactorial, complex, or nonmendelian. 


Microsatellite: A small run of tandem repeats of a very simple 
DNA sequence, usually 1 to 4 bp, for example (CA),,. 


Microarray: A postage-stamp size wafer of silicon or glass 
carrying a large arrayed set of single-stranded oligonucleotides 
corresponding to parts of the sequence of one or more genes. 
When fluorescently labelled PCR-amplified genomic DNA or 
cDNA is hybridised to the array, the pattern of hybridisation 
can be used to read off the sequence, to check which genes are 
expressed in a tissue, or to genotype a sample for a large num- 


ber of SNPs in parallel. 


Mitosis: The normal process of cell division by which each 
daughter cell receives an exact and complete copy of all the 
DNAA in the mother cell. 


Mosaic: An individual who has two or more genetically differ- 
ent cell lines derived from a single zygote (because of a fresh 
mutation or chromosomal mishap). 


Nonpenetrance: It describes the situation when a person carry- 
ing a gene for a dominant character does not manifest the char- 
acter. This is because of the effects of other genes or of 
environmental factors. 


Nucleotide: The units out of which DNA and RNA chains are 
constructed. It consists of a base linked to a sugar (deoxyribose 
in DNA, ribose in RNA) linked to a phosphate group. A nucle- 
oside is the same but without the phosphate. 


Obligate Carrier: A person who is necessarily a carrier by 
virtue of the pedigree structure. For autosomal recessive condi- 
tions, this normally means the parents of an affected person, for 
X-linked recessive conditions, a woman who has affected or car- 
tier offspring and also affected brothers or maternal uncles. A 
woman who has only affected offspring is not an obligate carrier 
of an X-linked condition, because new mutations are frequent 
in X-linked (but not autosomal recessive) pedigrees. 


Open Reading Frame: A stretch of genomic DNA that could 
be translated into protein without encountering a stop codon. 


Penetrance: The probability that a phenotype will be seen 
with a given genotype. 


Phenocopy: An individual who has the same phenotype as a 
genetic condition under study, but for a nongenetic reason, e.g., 
somebody with nongenetic deafness in a family where genetic 
deafness is segregating. Phenocopies can be a major problem in 
genetic mapping. 


Phenotype: The observed characteristics of a person (including 
the result of clinical examination). Compare with Genotype. 


Poly(A) Tail: The string of around 200 consecutive A 
nucleotides that is added on to the 3’ end of most mRNAs. It is 
important for the stability of mRNA. 


Polymerase Chain Reaction (PCR): A method for selectively 
copying a defined short (no more than a few kilobases) segment 
of a large or complex DNA molecule. The basis of most genetic 
testing. 


Primary Transcript: The initial result of transcribing a gene: an 
RNA molecule corresponding to the complete gene sequence, 
introns as well as exons. 


Probe: A labelled piece of DNA that is used in a hybridisation 
assay to identify complementary fragments. Depending on the 
application, probes may be pieces of cloned natural DNA 


around 1kb long, or much shorter (20-30 nt) pieces of syn- 
thetic DNA. 


Promoter: The DNA sequence immediately upstream of a gene 
that binds RNA polymerase and transcription factors, so that 
the gene can be transcribed. 


Pseudogene: A nonfunctional copy of a working gene. Pseudo- 
genes are quite common in our genome and represent the failed 
results of abortive evolutionary experiments. 


Recessive: A character that is manifest only in the homozygous 
state and not in heterozygotes. 


Sibs (Siblings): Brothers and sisters, regardless of sex. A sibship 
is a set of sibs. 


SNP (Single Nucleotide Polymorphism): The main class of 
genetic marker used for very high-throughput genotyping. 
About 1 nucleotide in every 300 is polymorphic. Most SNPs 
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have no phenotypic effect, but some may contribute to suscep- 
tibility to common complex diseases. 


Southern Blotting: A method of studying DNA based on sepa- 
rating fragments by size and hybridising them to a labelled 
probe. It is largely superseded by PCR, which entails much less 
work but still used for some special applications. It is named 
after its inventor; Northern blotting and Western blotting are 
similar techniques used on RNA and proteins, respectively— 
the names are jokes. 


Transcription Factor: A protein that binds the promoters of 
genes so as to activate transcription. Basal transcription factors 
are involved in transcription of all genes; tissue-specific tran- 
scription factors cause different cells to express different subsets 
of their genes. 


X-Inactivation: The mysterious process by which every human 
cell has only a single working X chromosome, regardless of how 
many X chromosomes are present. 


X-Linked Inheritance: X-linked inheritance is seen when a 
condition is caused by an allele located on the X chromosome. 


w~ Understanding the 


phenotype: basic 
concepts in audiology 


Introduction 


Knowledge in audiology, as in many other medical fields, advances 
discontinuously, paralleling developments in technology applied to 
scientific research. After the eras of psychoacoustics, tympanic mea- 
surements, electrophysiological responses, and otoacoustic emis- 
sions, it is apparent today that molecular biochemistry will play an 
important role in the exploration of auditory function. From a clin- 
ical point of view, it will transform the classification of hearing 
impairment and the possibilities for new therapeutic approaches. 
Studies in molecular genetics are accumulating an impres- 
sive quantity of knowledge on the aetiopathology of hearing 
loss, as the mapping and cloning of genes reveal their functions 
in the inner ear, its structural organisation, and its homeostasis. 
Currently, several hundred chromosomal loci have been identi- 
fied and associated with syndromal and nonsyndromal hearing 
impairments. This number has been estimated to represent 
about half of the genetic changes resulting in hearing impair- 
ments. Thus, genetic factors have to be considered in diagnos- 
tic audiology much more frequently than in the past. At 
present, clinical audiology has to meet two requirements. 
First, there is the need for deeper knowledge of the pathophys- 
iological changes that gene mutations induce in the auditory 
system; second, there is a need for new audiological diagnostic 
tools sensitive enough to elucidate these changes. This 
could help to better define the phenotype and narrow, to within 
a reasonable range, the set of genetic investigations necessary. 


Pure-tone hearing-threshold 
measurements 


The principal audiometric test entails measuring the auditory 
thresholds for pure tones. Results indicate the minimum sound 


pressure levels (dB SPL) that evoke the minimal auditory sen- 
sation within the frequency range between 125 and 8000 Hz. 
International standards define the SPL threshold values for 
normal hearing, and, after normalisation, relate them to 0 dB 
hearing loss (HL). Threshold increments up to 25 dB HL, 
although irrelevant for medicolegal purposes, may be valuable 
for diagnostic purposes. Two separate measures of the hearing 
threshold, respectively air-conducted (through an earphone or 
an insert) or bone-conducted (a vibrator on the forehead or the 
mastoid process) stimuli, permit the distinction between two 
main kinds of hearing losses: conductive and sensorineural. The 
first show a normal bone-conducted and an elevated air- 
conducted hearing threshold. The second show equal values of 
the two thresholds. There are also mixed hearing losses, which 
have elements of both conductive and sensorineural losses. 
When a marked difference exists between the hearing thresh- 
olds of the two ears, noise masking is needed for the better ear, 
in order to ensure that a sensation evoked in the better ear does 
not interfere with the sensation elicited in the worse ear. 

A diagnosis of conductive hearing loss made by pure-tone 
audiometry indicates a dysfunction of the external or middle ear, 
but its origin cannot be pinpointed without otoscopic examina- 
tion and admittance measurement. A diagnosis of sensorineural 
hearing loss indicates dysfunction in either the cochlea or the 
auditory pathway: other investigations are needed to confirm the 
site of the lesions. Clinical pure-tone audiometry, such as the 
psychoacoustical tests described below, is based on a stimulus- 
response behavioural model, which requires active cooperation 
and attentive attitude by the subject being tested. Simulators, 
individuals with low levels of vigilance and reduced attention 
may give unreliable results, ie., a hearing threshold poorer than 
the actual threshold or one excessively variable at retest. Three- 
to five-year-old children can reliably perform pure-tone audiom- 
etry: Younger children can be examined by special conditioning 
procedures. 
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Table 2.1 Relevant terms and definitions 


Hearing threshold level 


It means the threshold value averaged over frequencies 
0.5, 1, 2, and 4khz in the better ear 


Hearing threshold levels (0.5-4 kHz) 
Mild: over 20 and <40 
Moderate: over 40 and <70dB 
Severe: over 70 and <95dB 
Profound: equal to and over 95dB 


Types of hearing impairment 


Frequency ranges 
Low: up to and equal to 500 Hz 
Mid: over 500 up to and equal to 2000 Hz 
High: over 2000 up to and equal to 8000 Hz 
Extended high: over 8000 Hz 


Unilateral: one ear has either >20dB pure-tone average or one frequency exceeding 50 dB, 


with the other ear better than or equal to 20dB 


Asymmetrical: >10dB difference between the ears in at least two frequencies, with the 


pure-tone average in the better ear worse than 20 dB 


Progressive: a deterioration of >15dB in the pure-tone average within a 10-year period. 
Results in those aged over 50 years should be treated with some caution. In all cases the 


time-scale and patient age should be specified 


Conductive: related to disease or deformity of the outer/middle ears. Audiometrically, there are 
normal bone-conduction thresholds (<20dB) and an air-bone gap >15dB averaged over 0.5-1-2 kHz 


Mixed: related to combined involvement of the outer/middle ears and inner ear/cochlear nerve. 
Audiometrically >20dB HL in the bone-conduction threshold together with >15dB air-bone gap averaged over 0.5-1-2 kHz 


Sensorineural: related to disease/deformity of the inner ear/cochlear nerve with an air-bone gap <15dB averaged over 0.5-1-2 kHz 


Sensory: a subdivision of sensorineural related to disease or deformity in the cochlea 


Neural: a subdivision of sensorineural related to a disease or deformity in the cochlear nerve 


A relative contraindication to pure-tone audiometry may 
be the presence of occluding wax in the ear canal, since this 
may be responsible for a conductive loss of 20 to 30dB HL. By 
examining patients suspected of having noise-induced hearing 
loss, an unexposed interval of 16 hours is needed to avoid false 
results due to “temporary threshold shift” phenomena. 

Commonly, the hearing threshold is measured at frequen- 
cies separated by octave intervals, from 0.125 to 8kHz. The 
addition of intermediate frequencies (1.5, 3, 6, 10, and 12 kHz) 
may improve the overall threshold estimate. Indeed, as the 
threshold values of contiguous frequencies are correlated, the 
more the frequencies recorded, the less the probability of 
the errors associated with a single-frequency threshold mea- 
surement. The measurement error for air-conduction testing is 
usually estimated within + 5 dB, and it is about twice that figure 
for bone-conduction testing. These errors mainly originate from 
the transducers’ incorrect positioning as well as subject-related 
factors. 

The accuracy of the pure-tone hearing threshold is crucial 
in defining any progression of the hearing impairment (1). 
Some genetic hearing impairments show this characteristic. 
Hence, the first pure-tone threshold has to be measured with 


high precision, since it will then be the reference for successive 
threshold comparisons. 

Table 2.1 gives relevant terms and definitions, derived from 
Stephens (2), on the basis of recommendations of the HEAR 
European project. 


Relationship between pure-tone 
hearing thresholds and auditory 
damage 


External and middle ear 


A variety of genetic syndromes can affect the anatomy of these 
structures. By altering the sound transmission to the cochlea, 
they present as a conductive hearing impairment. Such anom- 
alies range from simple stenosis of the external meatus to total 
lack of the tympano-ossicular complex, with intermediate con- 
ditions including an atretic external canal, an absence of the 
tympanic bone, and a lack or fusion of the ossicles, stapes 
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fixation, and atretic Eustachian tube. [See Van de Heyning (3) 
for an otosurgical classification.] Even in young children, the 
consequences of these anomalies can be measured by means of 
auditory-evoked potentials presented by air and bone conduc- 
tion. Two extreme pathological pictures may be taken as a ref- 
erence to predict the pure-tone threshold: (i) Simple atresia of 
the external meatus causes a 30 to 35dB conductive hearing 
impairment due to the attenuation of the sounds directed to the 
tympanic membrane. (ii) A complete lack of the tympanic 
function causes a 60 to 70dB conductive hearing loss, essen- 
tially due to the attenuation of the acoustical energy directed to 
the cochlea. Between these two extremes, the hearing loss may 
vary in respect to the anatomical structures involved and their 
consequence on auditory function (Fig. 2.1). 


Inner ear 


Inner ear lesions resulting in a sensorineural hearing loss show 
a moderate relationship with the pure-tone threshold. An ele- 
vated threshold at high frequencies indicates damage to the 
basal portion of the cochlea. An elevated threshold for low fre- 
quencies suggests damage of the apical portion. Schuknecht’s 
(4) studies on the comparison of audiograms to cochlear histol- 
ogy (“cochleograms”) corroborates such a relationship. A fur- 
ther distinction involves the degree of hearing loss. Based on 
the role of outer and inner hair cells, we can assume that a total 
loss of outer cells causes a hearing impairment of 55 and 65 dB 
for low- and high-frequency ranges, respectively. A complete 
loss of inner hair cells should cause a profound hearing impair- 
ment (95 dB HL to total hearing loss). In practice, the lesions 
usually involve both the outer and the inner hair cells, with the 
proportions depending on the causative factor. Apart from 
these observations, other conditions have to be considered, in 
which the audiogram-histology relationship may break down. 
One of these is that the cochlea may appear anatomically nor- 
mal in its microscopic structure, but the biochemical-metabolic 
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Figure 2.1 An example of conductive hearing loss (normal bone-conduction 
threshold) due to a severe malformation of external-middle ear. 


processes responsible for its function and homeostasis are altered. 
In addition, there are several other cochlear sites of damage than 
those examined in the traditional cochlear histological studies, 
locations that molecular genetics has demonstrated. These include 
the gap-junction system, the ionic-transport channels, the synaptic 
organisation, as well as some components of extracellular matrix 
(5,6). Such alterations may affect auditory function in different 
ways, independently of the anatomical loss of hair cells. A second 
exception to the audiogram—cochlear damage correspondence is 
represented by the possible existence of cochlear dead regions. 
A dead region is a section of the cochlear partition where inner 
hair cells are totally lacking. This condition is not reflected in the 
audiogram, since frequencies that should be processed by the 
dead zone are made audible by contiguous zones when the stimu- 
lus intensity is high enough to generate a mechanical pattern 
spreading towards them (off-frequency listening). Finally, another 
limitation of pure-tone measurements is that the typical “auditory 
residue” observable at low frequencies in profound hearing loss is 
difficult to attribute unquestionably to an auditory rather than a 
tactile sensation (Fig. 2.2) (7). 


Cochlear nerve 


Pure-tone thresholds are relatively resistant to lesions involving 
the cochlear nerve. Schuknecht et al. (8) demonstrated in ani- 
mal studies that only a lesion involving over 75% of the nerve 
fibres causes effects evident in the pure-tone threshold. In 
humans, the vestibular Schwannomas represent the most com- 
mon clinical cause of cochlear nerve lesions. Among patients 
with this pathology, about 80% show a hearing impairment, 
although the amount of hearing loss correlates only poorly with 
the tumour size. For those cases with a high-frequency hearing 
loss, a mechanism was suggested in which the most external 
nerve fibres coming from the basal cochlea would be the most 
vulnerable to compression by the tumour. There are, however, 
many exceptions to this picture. In fact, the hearing may be 
variously compromised in relation to the complex effects result- 
ing from tumour growth: for instance, demyelinisation (9), 
neural ischaemia, indirect cochlear damage due to a reduced 
blood supply from the compressed labyrinthine artery, and 
retrograde degeneration (10). 


Automated procedures for self- 
recording hearing thresholds 


Modern audiometers often incorporate automated modalities to 
record the hearing threshold. The most popular, based on an 
adaptive procedure, is known as Békésy audiometry. This tech- 
nique requires the subject to control the stimulus intensity 
according to his responses. Pure tones are either continuous or 
interrupted (2.5/sec) at continuously changing frequencies or at 
the discrete frequencies of the classical audiometry, whereas 
intensity changes in steps of 2.5 or 5 dB. 
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Figure 2.2 (A) An example of sensorineural hearing loss (bone-conduction equal to air-conduction threshold) due to an inner ear disorder. This common threshold 
configuration may approximately suggest the type and distribution of the lesion within the cochlea: at the basal end (high frequencies), probable involvement of 
both outer and inner hair cells; at the apex (low frequencies), probable involvement of half of the population of outer hair cells. (B) This threshold profile is 
common in profound hearing loss and could indicate residual function in hair cells at the apex. However, the thresholds recorded in response to low frequency 
and very intense tones could be due to vibrotactile perception. 
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Figure 2.3 Classification of Békésy audiometry tracings. Type | (overlapping of thresholds for continuous and interrupted stimuli) is observable in normal hearing 


and conductive hearing loss. Type II (small excursions with a continuous stimulus) is observable in cochlear lesions. Type III (progressively diverging thresholds) can be 
found in eighth nerve disorders. Type IV can be observed in cochlear and retrocochlear lesions. Type V, not shown here, display a threshold change in interrupted 
tones worse than that for continuous tones; it is associated with nonorganic hearing loss. 
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The subject’s task consists of pressing a button when he 
perceives the signal and releasing it when he hears nothing. 
Accordingly, the intensity decreases and increases by the preset 
steps and rates. Finally, the instrument produces graphic trac- 
ings of the up-down intensity excursions around the threshold. 
A reliable test takes from 30 seconds to 2 minutes for each 
frequency. 

In addition to the threshold estimate, Békésy audiometry 
has proved to be sensitive to different kinds of hearing impair- 
ment. Its diagnostic potential is based on the comparison of 
hearing threshold tracings in response to continuous and inter- 
rupted tones. Four patterns have been identified (Fig. 2.3): type 
I, usually found in normal hearing and conductive loss; type II, 
mainly found in sensorineural loss with recruitment; type III, 
suggesting a retrocochlear involvement; and type IV, observable 
either in cochlear or in eight-nerve lesions. An additional type 
V has often been observed in nonorganic hearing loss (11). 
Today, more reliable diagnostic tools exist for identifying the 
lesion site of a hearing loss. Békésy audiometry, however, may 
be recommended in selected cases when more precision is 
needed in estimating the hearing threshold. Indeed, threshold 
values obtained with automated audiometry are more sensitive, 
on average, than those obtained with classical audiometry, and 
twice as stable at retest (12). The best estimates in either terms 
of absolute sensitivity or the test-retest variability have been 
obtained by an interrupted stimulus of 500 ms duration, 50% 
on-off and with 4 to 5 dBs attenuation rate (13). 

An alternative automated technique is based on methods 
of frequency scanning (Audioscan). This may explore the 
auditory threshold with a resolution of up to 64 points/octave. 
Different from the Békésy technique, the pure-tone stimuli 
are delivered at a fixed intensity. The subject’s task is to press a 
button when he perceives the stimulus. At the end of the 
frequency scan, the intensity increases by a predetermined step, 
and the scan restarts. The intensity levels perceived by the 
subject are stored, and finally the instrument provides a profile 
of the pure-tone threshold. The threshold is estimated with 
a precision comparable to that of Békésy audiometry, with 
measurement errors typically ranging between 3.5 and 4.5 dB. 
Since many frequencies can be tested other than those record- 
able by classical audiometry, the threshold profile often exhibits 
characteristic “notches,” indicating some frequency-related 
discontinuities of the hearing acuity. These notches may be 
described in terms of frequency range, depth, and intensity level 
(14), and they define the so-called “threshold fine structure.” 
The exact meaning of the notches is still controversial: Perhaps 
they represent some interference between the cochlear 
mechanical input and output, in a similar way to the fine struc- 
ture of otoacoustic emissions. Although it has been empirically 
determined that the notch amplitude should be at least 15 dB to 
be considered pathological (15), it is still unclear whether and 
when the threshold fine structure could reflect a fully healthy 
ear rather than the early signs of auditory damage (16). The 
presence of notches in the threshold fine structure has been 
assumed to be the marker of a carrier condition for certain 
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Figure 2.4 Auditory thresholds from Audioscan (frequency scanning), where 
notches are apparent at 3 to 4kHz, and 1.5 to 2 kHz. The two audiograms have 
been obtained from a mother and son, both healthy carriers (on classical 
audiometry) of a genetic hearing loss. Source: From Ref. 15. 


genetic mutations responsible for hearing impairment (17,18). 
However, these observations have not been confirmed at least 
in the context of other categories of genetic hearing impair- 
ment, including some nonsyndromal, recessive forms (19). 
Compared with Békésy audiometry, the Audioscan tech- 
nique is apparently more sensitive in detecting threshold notches 
that could identify carriers of genetic mutations (Fig. 2.4). How- 
ever, it has been also remarked that the prevalence of notches in 
anormal control population is around 15% to 20% (20). 


Estimating a progressive hearing 
impairment 


The causative factors of hearing impairment often result in a 
progressive deterioration over time. A typical example consists 
of noise-induced hearing loss (NIHL). In addition, there are 
several genetic conditions, mostly nonsyndromal dominant, 
where the progressive worsening of the hearing may represent a 
phenotypical feature. Knowing that a certain genetic hearing 
impairment will progress with age to a predictable degree could 
facilitate the planning of therapy or rehabilitation. However, 
three significant factors make the evaluation of a worsening 
hearing loss problematic, especially when conducted over a 
long time span. The first concerns test modality: Instruments 
and examiners may introduce errors into the threshold 
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Figure 2.5 Reference auditory thresholds for different ages, according to ISO 7029 (1984) (22) and based on an “otologically normal" male population. 
Data are displayed for the 50th and 95th percentiles, respectively. Due to the wide range of variability, the estimate of any age effect in an individual patient is 
quite approximate. A criterion for selecting the candidates with a genetic diagnosis could be a hearing threshold exceeding the 95th percentile (24). 


estimates, of the order of at least 5 dB. The other two factors are 
subject dependent and consist of the effects of age and the 
intrasubject, test-retest variability of the responses. The impact 
of these two factors is difficult to predict for any individual 
because every subject reacts to age and retest conditions in par- 
ticular ways. Nevertheless, since we have to account for these 
factors, it is feasible to rely on the mean age-related threshold 
data and the test-retest variability as derived from wide popu- 
lation samples. The subtraction of these, more general, effects 
enables us to broadly estimate the specific effects such as those 
related to noise exposure or to genetic factors. Indeed, these 
estimates when applied to a single case study incorporate a vari- 
able degree of uncertainty, depending on the statistical proper- 
ties of the reference sample data (21). ISO 1999 (22) and ISO 
7029 (23) provide data used to calculate the age-related hear- 
ing loss for a reference population. In fact, the age-related hear- 
ing loss can be predicted even if within a wide confidence 
interval, for instance, 50dB between 10th and 90th percentile 
for 60-year-old subjects (Fig. 2.5). For this reason, considerable 
criticism has been made of the utility of correcting the thresh- 
old values for age. Today this problem is further complicated 
due to the uncertain definition of “presbyacusis.” In fact, it is 
likely that many cases formerly defined as “presbyacusis” and 
included in the reference population are actually cases of 
genetic hearing impairments. Although gene mutations respon- 
sible for age-related hearing loss have been demonstrated only 
in animals, epidemiological data (25,26) show that half the 
variance associated with “presbyacusis” may be attributed to 
genetic factors. 

In contrast to the age effect, intrasubject variability of 
threshold measurements is easily predictable. Robinson et al. 
(27) provided useful data for test-retest variability: Two 


audiograms recorded separately in time may differ by 1.4dB on 
an average, with a standard deviation of 5.7 dB and a maximum 
difference of 18.5 dB. 

Figure 2.6 shows an example of how the progression of 
hearing loss may be apparent. The data are derived from a group 
of patients belonging to families with nonsyndromal hearing 
impairment (28). They show remarkable differences in the 
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Figure 2.6 Idealised trajectories of hearing loss progression (28) in patients with 
hereditary nonsyndromal hearing impairment. Compared to the age-related 
hearing loss (dotted lines) the hearing impairment may be “stable” (hearing 
deterioration due to age only), “progressive” (deterioration due to age plus a 
genetic factor), and "resistant" (no age effect). Also, mixed figures exist, with 
different progression at low and high frequencies. Abbreviations: ARHL, age 
related hearing loss; HF, high frequencies; HL, hearing loss; LF, low frequencies. 
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progression of the hearing loss over time, from very rapid 
progression to a stable hearing loss, with other forms 
showing a different rate of progression for low and high 
frequencies. 

More accurate data analyses such as those reported by 
Huygen et al. (29) are helpful in defining certain genetic hear- 
ing impairments (DFNA2,5,6/14,9,10,15,20/26,21) with pre- 
cise temporal progression of hearing loss and the threshold 
profile. Although these data are representative of a small 
number of families, they are relevant since they could throw 
light on the pathophysiological mechanisms underlying some 
genetic mutations. 


Audiometric classification and 
threshold profile 


Although only a broad relationship exists between cochlear 
pathology and pure-tone audiogram, it is popular to classify the 
audiograms according to their shapes. Indeed, certain audio- 
metric profiles may lead to a diagnostic hypothesis. For the diag- 
nosis of genetic hearing impairments, an audiometric 
classification could be helpful to recognise specific phenotypes, 
and then, to isolate the corresponding genotypes. Table 2.2 
shows the definitions as proposed by the European Working 
Group on genetic hearing impairments (2), which allows for 
the audiometric classification shown in Figure 2.7. 

As underlined by Hinchcliffe (30), classifying the audio- 
grams is a pattern recognition exercise, which may have math- 
ematical (31,32) or matrices-based solutions. The latter 
approach, three frequency bands x four threshold levels, was 
implemented by Sorri et al. (33). Among the conclusions from 
a study of the classification of audiograms in genetic hearing 
impairment (34), it was noted that the particular difficulty was 
in ascertaining a clear phenotype-genotype relationship. For 
this reason, it was also proposed that additional classificatory 
data such as progression or age correction be included in an 
attempt to improve our understanding of the phenotype— 
genotype relationship. 

It appears today that the pure-tone threshold profile is 
of little value for the diagnosis of genetic hearing impairments. 


Table 2.2 Audiometric profiles: classification criteria 


Low frequency ascending 


Midfrequency U-shaped 
lower frequencies 


High frequencies gently sloping 
High frequencies steeply sloping 


Observations on temporal changes of hearing thresholds 
have demonstrated that apparently typical profiles, for 
instance a U-shaped profile, can substantially change to a 
downward-sloping pattern involving the high frequencies 
(Fig. 2.8) (29). 


On genotype-phenotype 
relationships 


For many cases, genetic hearing impairment is recognised to be 
due to a definite gene mutation. For other forms, mainly syndro- 
mal, such a relationship is less clear. Indeed, different phenotypes 
may be the expression of different mutations on the same gene, a 
condition defined as allelic mutation by geneticists. For example, 
different mutations of the same COL11A1 gene on chromosome 
1p21 can cause two distinct syndromes: Marshall syndrome 
and Stickler syndrome type 2, both characterised by different pro- 
gressive hearing losses, skeletal abnormalities, myopia, and cran- 
iofacial dysmorphism (35). Also, types 1 and 3 of Waardenburg 
syndrome (dystopia canthorum in type 1, musculoskeletal anom- 
alies in type 3) and the hearing-and-craniofacial syndrome are 
caused by allelic mutations of the PAX3 gene (transcription 
factor) on chromosome 2q35 (36,37). In addition, there are other 
combinations of gene mutations contributing to complicate the 
genotype-phenotype relationship: Mutations on multiple genes 
may be expressed as a similar phenotype, a condition defined as 
genetic heterogeneity by geneticists. In fact, heterogeneity hides 
the clinical features that could allow grouping the members of a 
family with a single locus mutation. A typical example consists 
of Usher syndrome type | in which the phenotype is a congenital 
profound hearing loss, retinitis pigmentosa, and vestibular are- 
flexia. This syndrome is, however, recognised to be associated with 
at least seven different genes (type Ia: USHIA, Ib: MYO7A: Ic: 
USHIC, Id: CDH23; Ie: USH1E; If: PCDH15; and Ig: USH1G), 
which result in the same clinical picture. 

Another confounding factor in the genotype-phenotype 
relationship stems from the possibility that the mutation effects 
can attain clinical relevance at different ages. Thus, the first 
symptom could precede the appearance of the second symptom, 


>15dB from the poorer low-frequency thresholds to the higher frequencies 


>15dB difference between the poorest thresholds in the midfrequencies, and those at higher and 


15-29 dB difference between the mean of 0.5 and 1 kHz and the mean of 4 and 8 kHz 
>30dB difference between the mean of 0.5 and 1 kHz and the mean of 4 and 8 kHz 


Flat <15dB difference between the mean 0.25/0.5 kHz thresholds, the mean of 1 and 2 kHz, and the 


mean of 4 and 8 kHz 


26 Genetics and hearing impairment 


dB HL 
a 
i) 

dB HL 


dB HL 
a 
io) 

dB HL 


100- 
110- 
120- 


Figure 2.7 Typical pure-tone hearing profiles, as defined by the European working group HEAR (2). Abbreviations: HF, high frequencies; LF, low frequencies; 
MF, middle frequencies. 
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Figure 2.8 Examples of hearing loss progression as modelled by averaging the data of several families. Evaluating hearing loss in relation to age-related typical 
audiogram may allow a better definition of phenotypes associated with certain gene mutations. Source: From Ref. 29. 
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crucial for classifying the condition, by many years. For exam- 
ple, in Usher syndrome types I and II, hearing loss is congeni- 
tal, but retinitis pigmentosa, the crucial symptom, may be 
delayed until adolescence. 

Finally, distinguishing between syndromal and nonsyndro- 
mal hearing impairments may be clinically difficult. A reason 
may be that an apparently isolated hearing loss can be con- 
comitant with other anomalies that are not easily recognizable. 
A second reason can be that an allelic mutation, although 
involving the same gene, can express either as a nonsyndromal 
or as a syndromal hearing impairment. An example is given by 
the mutation of the gene SLC26A4, responsible for either 
Pendred syndrome or the recessive form DFNB4 (38). Even 
autosomal-dominant (DFNA) and -recessive (DFNB) forms 
can be caused by mutations on the same gene. For example, 
mutations on the same gene MYO7A are associated with either 
a dominant (DFNA11) or a recessive (DFNB37) form (39). In 
addition, mutations of the gene GJB2(Cx26) may be expressed 
as DFNA3 (dominant) and as DFNB1 (recessive) (40). 


Topodiagnosis of hearing loss 


Classical audiometry comprises a group of tests aimed at 
distinguishing between two phenomena: “loudness recruit- 
ment,” associated with lesions in the cochlea and “pathological 
adaptation,” associated with lesions of the cochlear nerve. To 
enhance the diagnostic sensitivity by cross-checking the results, 
these tests are often arranged in the form of a diagnostic battery. 
At present, they are rarely used because other diagnostic 
tools [auditory brain stem response (ABR), admittance, and 


Table 2.3 Topodiagnostic audiometric tests 
Stimuli 


Recruitment test 


Short increment Pure tones 20dB SL+1dB 


sensitivity index 


Alternate binaural 
loudness balance 


Pure tones binaurally 
alternated from 0dB 
SL, with 10-20 dB 
successive increments 


Luescher Pure tones, 40 dB SL, amplitude 


modulated between 0.25 and 2 dB 
Pathological adaptation test 


Pure tones (0.5-1-2 kHz) +5dB 
SL, successive 5 dB increments, 
1 min duration 


Pure tones (0.5-1-2 kHz) 100 
dB HL, 1 min duration 


Carhart-Rosemberg 


Supra threshold 
adaptation test 


otoacoustic emissions (OAE)] are available to provide more 
reliable data (41). 

“Recruitment” is a loudness distortion caused by an abnor- 
mality or a loss of the cochlear outer hair cells. The effect of 
such a condition is that within the audibility range, equal incre- 
ments of stimulus intensity are perceived louder when com- 
pared to normally hearing subjects. For instance, while a level 
variation of 1 dB evokes the minimal sensation in the normal 
subject, variations of 0.25 to 0.5dB are sufficient to evoke the 
same sensation in a subject with a cochlear hearing loss. The 
impairment of the active cochlear mechanism, residing in outer 
hair cells, accounts for both threshold elevation and loudness 
recruitment (42). 

In contrast, “pathological adaptation” is typically due to a 
functional reduction of the cochlear nerve fibres, normally 
around 30,000 in number. In such a condition, the nerve trunk 
cannot sustain a constant sensation over time. For instance, the 
sensation of a pure tone at an intensity near the threshold 
quickly disappears after a few seconds, to be restored after an 
appropriate stimulus increment (43). 

Table 2.3 summarises the tests that are still regarded as 
having a clinical value. This selection is determined by the 
hearing-threshold characteristics such as right—left symmetry, 
degree of hearing loss, and threshold profile. 

Traditionally, the clinical goal of these test batteries was the 
early identification of potentially life-threatening retrocochlear 
lesions such as, for example, vestibular schwannoma. This often 
led to the interpretation of the tests results dichotomously, on the 
basis of a separation between cochlear and retrocochlear lesions. 
Although clinically useful, this separation may not reflect a par- 
allel separation in the pathophysiological mechanisms. In fact, 
damage firstly located within the cochlea can progressively 


Task Positive results 


Detection of increments (Aj) >75% 


Binaural balance of loudness 
within +10dB HL 


Loudness binaural balance 


Detection of modulation <1dB 


Detection Total intensity increment >35 


dB/1 min 


Detection after 1' stimulation Absence of auditory sensation 
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involve the spiral ganglion neurons, and conversely, degenerative 
phenomena of cochlear nerve fibres can involve the cochlear 
epithelium in a retrograde way. In practice, common examples of 
concomitant cochlear and neural dysfunction, often yielding 
ambiguous results to recruitment and adaptation tests, are repre- 
sented by cases of NIHL, “presbyacusis,” and, although rarely, 
vestibular schwannoma. 


Identifying cochlear dead regions 


A number of histopathological observations (4,44) showed that 
some cases of sensorineural hearing loss are characterised by a 
complete lack of inner hair cells in a limited area of the 
cochlear partition. Since neural activation strictly depends 
upon the inner hair cells, their absence prevents any mechano- 
electrical transduction from taking place in the region involved 
“cochlear dead region”). However, as briefly mentioned earlier, 
pure-tone audiometry may be insensitive to dead regions. In 
fact, the cochlear mechanical pattern induced by a sinusoidal 
stimulus at the frequency corresponding to a dead zone can acti- 
vate the neural fibres originating from the boundary regions, 
where a sufficient number of inner hair cells may provide the 
transduction. For instance, if the dead zone comprises the 3 to 
4kHz cochlear region, the corresponding neurons are not acti- 
vated. However, 3 to 4kHz stimuli of high intensity can stimu- 
late the 1- to 2-kHz, more apical, region where inner hair cells 
are available for transduction. This phenomenon is defined as 
downward spread of excitation. Thus, the pure-tone threshold 
does not indicate the true condition of the cochlea, since a 
moderate hearing loss is apparent where, in fact, a cochlear 
dead zone actually exists. Based on these arguments, Moore 
et al. (45,46) proposed a clinical test [threshold equalising 
noise: TEN test (TEN test)] specifically designed to identify 
cochlear dead regions in patients with sensorineural hearing 
impairment. This test, easily performed, is based on the 
repeated recording of pure-tone thresholds under different lev- 
els of broadband noise masking. A dead zone is revealed at the 
frequencies where the pure-tone threshold increases more than 
10dB, despite the fact that masking is at a level below the 
unmasked threshold of those frequencies (Fig. 2.9). Although 
the clinical results are, so far, somewhat controversial (47) with 
regard to congenital hearing impairments (48) and the implica- 
tions on hearing aid benefit (49), this test represents a signifi- 
cant attempt to improve the definition of cochlear damage 
through a simple behavioural test. 


Middle-ear admittance and 
stapedial reflexometry 


The dynamic measurements of tympanic admittance are of 
remarkable value for the diagnosis of middle-ear pathology. In 
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Figure 2.9 Audiometric test for cochlear dead regions. The hearing 

threshold (dB SPL) increases at the frequencies affected by masking, whereas 
the threshold at the frequencies above the level of masking remains unchanged. 
This happens, for the case shown, with masking of 30 and 50dB SPL (M40, 
M60). With masking of 70dB SPL (M80), the threshold above 3 kHz increases 
more than 10dB, although for these frequencies, the level of masking is below 
the threshold. This figure suggests the presence of a cochlear dead region with 
boundaries at 3 to 4kHz. Source: Author's data. 


particular, reactive components of admittance are sensitive to 
the physical condition of the tympanic membrane, the ossicular 
chain, the contents of the middle ear, and the Eustachian tube 
function. The changes of admittance as a function of different 
air pressure applied to external ear canal are recorded as 
“tympanograms.” Based on their morphology, tympanograms 
can be grouped into different classes, each reflecting a particular 
functional condition of the tympano-ossicular complex (50-52). 
Figure 2.10 shows a simple classification. 

The measurement of admittance changes following 
the stapedial-muscle contraction, represents another important 
source of information relative to the functioning of 
middle—inner ear, cochlear nerve, and brain stem structures 
(53). Stapedial-reflex measures investigate a wide spectrum 
of functions due to the long neural arc linking the input 
(acoustical stimulus) to output (stapes-muscle contraction) 
(Fig. 2.11). Stapedial contraction is bilateral with high-inten- 
sity stimuli (over 85 dB HL), irrespective of the stimulated ear. 
The cochleostapedial arc is multisynaptic (54), with a short arc 
for the reflex ipsilateral to the stimulated ear, and a longer arc, 
crossing the brain stem, for the contralateral contraction. The 
complex of superior olivary nuclei constitutes the bridge 
between the cochlear nuclei and the facial motor nuclei, where 
motor fibres depart to innervate the muscles. Due to the com- 
plexity of the cochleostapedial arc, there are many pathological 
conditions that can alter the reflex. In addition to those 
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Figure 2.10 Simple classification of the principal tympanograms. Normally (A), 
the maximal admittance (compliance) coincides with a condition of equal air 
pressure between the external ear and the middle ear cavity (0mm H,0 
horizontal axis). (B) indicates low admittance values, irrespective of the air 
pressure changes: this figure is common in otitis media with effusion. In (C) the 
maximal admittance peaks at a negative air pressure, indicating a middle-ear 
pressure lower than external pressure (defective Eustachian tube). (D) reflects 
admittance values exceeding the instrument's capacity: usually this picture is 
associated with a discontinuity of the ossicular chain or a healed perforation. 


involving the auditory periphery of the stimulated ear, (middle 
eat, inner ear, and cochlear nerve), there are also brain stem 
lesions, and those involving the nonstimulated ear (middle ear 
and stapedial muscle) and its facial nerve. To test the stapedial 
reflex, pure-tone stimuli and broadband noise are used. The 
difference between an elevated pure-tone threshold and the 
stapedial-reflex threshold is a valid diagnostic index. When it is 
less than 55 dB, it indicates a compressed auditory dynamic 
range, a feature reflecting cochlear damage (55); otherwise, 
retrocochlear involvement may be suspected. Pathological 
cochlear nerve adaptation in the stimulated ear is revealed by a 


decay of the stapedial contraction for acoustical stimuli deliv- 
ered for 10 seconds (56). 

Another reflex variant consists of two peaks of admittance 
variations occurring at the start and at the end of the stimuli (the 
on-off effect). This finding may suggest an early otosclerotic 
focus affecting the stapes mobility at the oval window (57). 
Stapedial-reflex measures can also be used to indirectly estimate 
the hearing threshold (58). As a first approximation, the 
presence of a stapedial reflex elicited by an 85dB stimulus can 
exclude a severe-to-profound hearing loss. Other predictions may 
be drawn from the difference of the stapedial threshold elicited 
by broadband noise and by pure tones. In normally hearing sub- 
jects, the noise threshold is 10dB more sensitive than that for 
pure tones. In cochlear damage, this difference tends to disap- 
pear, whereas in severe-to-profound hearing losses, the probabil- 
ity of evoking a stapedial reflex, even at the highest stimulus 
intensity, decreases progressively. Table 2.4 summarises some con- 
ditions of the stapedial reflex and their possible associations with 
hearing impairments. 


Otoacoustic emissions 


Otoacoustic emissions are acoustical waveforms of small 
amplitude emitted by the cochlea in response to transient 
stimuli [transient-evoked otoacoustic emissions (TEOAEs)] or 
pairs of sinusoidal stimuli [distortion product otoacoustic emis- 
sions (DPOAEs)]. These responses are regarded as the ideal 
tools in the development of systems for universal neonatal 
screening. In fact, they may be rapidly recorded (3—5 minutes 
per subject) even by trained assistants. Independent of the kind 
of stimulus, otoacoustic emissions are the expression of the 
integrity of the outer hair cell system (59-61). 

TEAOEs are evoked by transient stimuli of about 80dB 
SPL. They represent small amounts of acoustical energy trans- 
mitted backward from the cochlea through the middle ear. 


auditory n 


Figure 2.11 Schematic view of the cochleostapedial are. 
Continuous and dashed lines are for the right and left arcs, 
respectively. The complex pathway accounts for the sensitivity 
of the reflex to a wide spectrum of disorders. Abbreviations: 
CN, cochlear nucleus; MSO, media superior olivary complex. 
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Table 2.4 Acoustic reflex prediction test 


Acoustic reflex Acoustic reflex Hearing loss 

threshold difference white noise 

(white noise-pure tones) 

>20 Anywhere Normal hearing 

15-19 =80 Normal hearing 

15-19 >80 Normal-mild 
hearing loss 

10-14 Anywhere Mild-moderate 

<10 =90 Severe 

<10 >90 Profound 


DPOAEs are evoked by stimuli consisting of two pure tones, 
with the frequencies having a ratio of 1.22 (for example, 
fl = 1000 Hz and f2 = 1220Hz). In response to this complex 
stimulus, the cochlea generates and backwardly reflects a series 
of partials, the most intense of which is at the frequency corre- 
sponding to 2f1-f2. By the use of f2 frequencies equal in value 
to those used in the classical audiometry, the amplitude of the 
DPOAE may be reported as a “DP-gram” (Fig. 2.12). 

The efficiency of otoacoustic emissions as a screening tool 
is due to their presence/absence, which has proved to be capa- 
ble of separating the babies with a hearing threshold better than 
35 dB HL (present OAEs) from those with a hearing threshold 
worse than 45 dB HL (absent OAEs). This characteristic is then 
used as a criterion for identifying the “fail” cases, for which 
a hearing loss may be suspected, and in which a diagnostic 
investigation is needed. 


In addition to their use for the screening for congenital hear- 
ing impairment, OAEs are also employed as a topodiagnostic 
test to detect early cochlear damage and, more importantly, to 
demonstrate the function of the normal outer hair cells in the 
context of auditory neuropathy. If cochlear damage is present, the 
amplitude and occurrence of OAEs decrease with the amount of 
hearing loss. It is thought that their changes could indicate outer 
hair-cell dysfunction before it is seen as an elevation of the 
hearing threshold. This latter condition occurs when at least 
30% of outer hair cells are not functional. 

In addition, the response pattern in OAEs has proved to be 
very stable also in time, and this feature may provide reliable 
longitudinal monitoring of cochlear function in subjects at a 
risk of sensorineural loss. 


Auditory-evoked potentials 


Among the range of neural electrical potentials recordable in 
response to auditory stimulation, those originating from the 
auditory periphery are widely employed in clinical settings, 
particularly with infants because they can provide reliable and 
objective measures of auditory sensitivity. 


Electrocochleography 


The first potential recordable by surface electrodes in response to 
transient stimuli is due to the activation of the more distal por- 
tion of the cochlear nerve. The same neural activity, also defined 
as the global action potential (AP) of the cochlear nerve, can be 
recorded in the “near field” through a transtympanic electrode, 
a technique called electrocochleography (ECochG) (62,63). 
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Figure 2.12 (Stimulus) DPOAEs are evoked by a 
two-tone complex (f1, f2) with a frequency ratio of 
1.22 and an intensity of 55 to 70dB SPL. 
(Response) In response to this stimulus, a partial 
(2f1-f2) or distortion product is reflected backward 
and acoustically recorded in the external ear. The 
DPOAE amplitude may be plotted in the function 
of the f2 frequency, as DP-gram (insert). 
Otoacoustic emissions are reliable indicators of 
outer hair-cells integrity. Abbreviation: DPOAE, 


distortion product otoacoustic emissions. 
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In addition to the AP, ECochG also records two receptor 
potentials, the cochlear microphonic and the summating 
potentials. The electrophysiological threshold of the AP is 
highly correlated to the psychoacoustical threshold (Fig. 2.13). 
For this reason, ECochG is retained as the most precise tool for 
objectively measuring the hearing threshold and the auditory 
peripheral function in children. Since, in clinical ECochG, the 
AP is evoked by transient stimuli, a limitation of the threshold 
estimates is that the AP threshold is directly comparable to the 
behavioural threshold only at frequencies between 1 and 4 kHz. 
Measurements of the AP including latency and amplitude 
changes, as a function of the stimulus intensity, provide infor- 
mation about the nature of the hearing loss (64), whether sen- 
sorineural or conductive. In addition, its morphology may be 
broadly indicative of the threshold profile. The AP is not 
detectable in those with hearing thresholds below 90dB HL. 

Transtympanic ECochG is considered a second-choice 
diagnostic tool, at least for children, since it requires a general 
anaesthesia. 


Auditory brain stem response 


The portion of the auditory pathway between the cochlear 
nerve and the subthalamic region (65) gives rise to a succession 
of six to seven potentials recordable by surface electrodes, in 
response to transient acoustical stimuli. The electrical sources 
of the first three components of ABR have been identified as 
the cochlear nerve (I, IJ) and cochlear nucleus, superior olive, 
and trapezoid body nuclei (III). The other components (IV, V, 


and V1) also show multiple origins, mainly from structures con- 
tralateral to the stimulated ear (lateral lemniscus, inferior col- 
liculus, and medial geniculate body). Due to the multiple 
electrical sources contributing to each potential, the correla- 
tion between an altered potential and the anatomical site of 
lesion is quite low. On the other hand, the regular succession of 
the ABR components depends on synchrony of discharge of the 
neural units, which are activated in succession following the 
cochlear mechanical response to impulsive stimulation. Hence, 
the presence or absence of the components, their latency, the 
interwave latency differences, and the interaural latencies are 
reliable indicators of cochlear nerve and brain stem auditory 
pathway function (66,67). 

Among the ABR components, wave V can be detected at a 
stimulus intensity near the behavioural threshold. The 
ABR wave V threshold evoked by transients correlates signifi- 
cantly with the behavioural threshold at 1 to 4kHz, with an 
error of about +15dB (Fig. 2.14). As the ABR is easily 
recordable during spontaneous sleep or under slight sedation, it 
is considered to be a first-choice technique for examining the 
hearing of small children. These may be those identified as a 
“fail” by a neonatal screening but also includes all the other 
children up to two to three years of age requiring an objective 
measurement of their auditory sensitivity. Response parameters 
of the ABR in children younger than two years have to rely on 
appropriate normative data since the latencies of the ABR 
components are prolonged at birth, and then progressively 
“mature,” reaching the adult values approximately at the age of 
two years (68). 


dBnHL = AP 


dB nHL 


Figure 2.13 Electrocochleographic recording of the global AP of the cochlear nerve. (Left) normal hearing, AP well defined at 10dB nHL. (Right) hearing loss, AP 
defined up to 60dB nHL, with latencies relatively stable. This feature may suggest the presence of loudness recruitment. Abbreviation: AP, action potential. 
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Figure 2.14 (Left) Auditory brain stem response (ABR) from a 
normally hearing subject. Wave V is defined down to 20dB nHL. 
This component allows for threshold estimates at frequencies of 
2 to 4kHz. (Right) ABR in a case of conductive hearing loss; 
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wave V defined to 60dB nHL, increased latency, normal | to V 
interval. 
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A common finding in the children is an elevation of wave 
V threshold due to otitis media with effusion. Those with con- 
ductive hearing loss show an increase in the latency of all the 
ABR components, with a I-V interval in the normal range. 
Those with cochlear sensorineural hearing loss, in addition to an 
elevation in wave V threshold, show components that, at high 
stimulus intensity, are normal in latency. This picture can sug- 
gest the presence of loudness recruitment. Those in whom any 
component cannot be evoked by the maximal stimulus intensity 
are strongly suspected of having a profound hearing loss. 

ABR in children presenting with a language disorder 
enables us to distinguish whether it is secondary to a defect of 


the auditory periphery or to more central dysfunction at the 
level of the brain stem (Fig. 2.15). In a small group of the latter, 
imaging techniques may also document organic lesions within 
the central nervous system. Conversely, in the majority, only a 
variety of ABR abnormalities can be demonstrated, ranging 
from a prolonged I-V interval to a complete abolition of 
the evoked response. The first is generally interpreted as a 
consequence of a delay in maturation of the brain stem auditory 
pathway. The most marked alterations may suggest severe dis- 
organisation of neural discharge synchrony. It is still unclear 
whether this reflects dysfunction affecting the whole brain stem 
auditory pathway or the consequence of more limited damage, 
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Figure 2.15 ECochG and ABR in a four-year-old 


a child with a severe language disorder and uncertain 
I-V=5 results to conditioned response audiometry (peep 
show). The 20dB nHL action-potential threshold 
6.55 excludes a damage in the auditory periphery. 


Conversely, ABR shows a prolonged | to V interval 
yi p g 

(normal values up to 4.4 msec), and this may 

| suggest a delay in maturation of the brain stem 


auditory pathway. Abbreviations: ABR, auditory 


brain stem response; ECochG, electrocochleography. 
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Figure 2.16 In some cases, ABR result is undefined, despite a normal or slightly enhanced hearing threshold. When this finding is associated with normal OAEs, the 
clinical figure is defined as “auditory neuropathy." In the case shown, a five-year-old child had abnormal language development and presented with a marked 
lexical reduction and defective connected language. Abbreviations: ABR, auditory brain stem response; DPOAE, distortion product otoacoustic emission; L, left ear; 


R, right ear. 


involving the inner hair cell—first auditory neuron complex 
(69). This latter condition has been hypothesised as explaining 
the clinical finding broadly defined as “auditory neuropathy” 
(70). The typical picture of this clinical entity, with an aetiol- 
ogy still undefined, consists of a normal or slightly impaired 
pure-tone threshold, indefinable ABR components, normal 
OAEs (Fig. 2.16), and poor speech recognition. 


Auditory steady state response 


Auditory steady state response (ASSRs) are recorded in response 
to an ongoing sinusoidal stimulus (carrier), periodically 
modulated in amplitude [amplitude modulation (AM)] 
frequency at a rate of about 100/sec. Unlike transient responses 
such as the ABR, which show typical variations measurable in 
the time-domain (i.e., latency), ASSRs are potentials with 
frequency components remaining constant in amplitude and 
phase for the duration of the sustained stimulus. 

The ASSR recording technique is the same as for the ABR, 
but the signal analysis is different. ASSRs are analysed in the 
frequency domain through spectral analysis techniques. Their 
electrical amplitude is usually much lower than the electroen- 
cephalogram (EEG) baseline amplitude. Hence, the response is 
detected by specific statistical algorithms that operate simulta- 
neously with the acquisition of the bioelectrical signal. 

The cochlea reacts to an AM sinusoidal stimulus by acti- 
vating the hair cells in the region corresponding to the carrier 
frequency. Although the resultant neural activation arises from 


a restricted area of the basilar membrane (the carrier is 
frequency specific), it also takes the same periodicity of the 
modulation frequency (Fig. 2.17). Thus, the neural response to 
the modulation frequency primarily originates at the level of 
the first auditory afferent neuron, while the cochlear nuclei and 
other brain stem nuclei preserve this information (71). 

The clinical interest in ASSRs lies in the possibility of test- 
ing the auditory sensitivity to low frequencies, even in children 
under slight sedation, because vigilance and sedation have little 
influence on these potentials. The ASSR electrophysiological 
thresholds are less sensitive than behavioural thresholds to pure 
tones (Fig. 2.18). In adults, the difference is between 10 and 20 
dB (73,74), whereas in children, this difference is more difficult 
to evaluate. Subjects with sensorineural hearing loss show a 
closer accord of the two thresholds, and this effect is probably 
associated with loudness recruitment. The use of acoustical 
stimuli simultaneously modulated in amplitude and frequency 
can probably improve ASSR detection in children (75,76). 


Speech audiometry 


Speech audiometry was initially aimed at obtaining audiomet- 
ric measurements more relevant to communication difficulties 
than pure-tone audiometry. Speech material has also proved to 
be particularly sensitive to lesions involving the auditory cen- 
tral nervous system (77,78). Its clinical sensitivity could be 
further enhanced by manipulating the primary speech signal, 
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Figure 2.17 Steady-state responses are evoked by 


ongoing pure tones modulated in amplitude or frequency 
(upper, 1 kHz carrier frequency amplitude modulated at 
100 Hz). The neural response to modulation is physically 
smaller than EEG amplitude. A specific signal analysis 
recognises the modulation frequency within the 

f bioelectrical signal. (Lower insert, spectral analysis 
indicates the 100 Hz component emerging from 


EEG noise.) Abbreviation: EEG, electroencephalogram. 
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Figure 2.18 Difference between SSR and behavioural thresholds in children and 
adults. For comparison, the SSR thresholds in normal neonates are also shown. 
Abbreviation: SSR, steady state responses. Source: From Ref. 72. 


for instance by changes in the frequency, temporal, and linguis- 
tic domains, or indirectly, by delivering the speech signal 
under physical (noise masking) or informative masking 
(competition). 

The clinical use of speech audiometry for the site-of-lesion 
diagnosis of auditory disorders is limited today. Imaging tech- 
niques are more reliable for exploration of the central nervous 
system. Conversely, speech audiometry is mainly used to evalu- 
ate the results following any rehabilitative intervention such as 
ear surgery, hearing aids, and implantable devices. Speech 
audiometry, indeed, may provide functional estimates of the 
single-subject auditory performance, by comparing the pre- and 
posttreatment results. 


Performance scores and hearing impairment 


The traditional techniques of speech audiometry are based on 
the administration of stimulus material consisting of 10 to 20 
speech items (words and sentences) arranged in lists. The 
speech items within a list are balanced for lexical occurrence 
and phonetic distribution and are acoustically calibrated. Each 
list is delivered at a fixed level of intensity, according to the psy- 
choacoustical method of “constant stimuli,” through head- 
phones or loudspeakers in the free field. The subject’s task 


consists of repeating each item, and the percentages of correct 
responses relative to each list are plotted as a function of the 
intensity. This is defined as the “intelligibility function.” The 
correct response rate or intelligibility is influenced by numerous 
variables other than those represented by the hearing 
acuity. Some are cognitive factors concerning the individual; 
others concern the test techniques. Among these is the score 
variability depending on the number of items within each list 
(Fig. 2.19). Because this may consistently affect the intermedi- 
ate portion of the intelligibility function, i-e., around the 50% 
[speech reception threshold (SRT)], it may lead to uncertain 
results when two intelligibility functions are compared as, for 
example, in order to evaluate a pre/post-treatment effect. For 
scores of 50% and 95%, the variability given by two standard 
deviations corresponds to 32% and 13.8%, respectively, with 10 
items per list (79). 

The SRT may be also measured by adaptive procedures 
(80). These enable us to obtain the intensity levels correspond- 
ing to a fixed percentage of intelligibility, e.g., 25%, 50%, and 
75%. The most common adaptive procedure is the simple 
up-down technique, in which the speech items are serially 
presented with an intensity that changes according to the 
subject’s responses. Following a correct response, the intensity 
is decreased; following an incorrect response, intensity is 
increased. Intensity steps are usually between 2 and 5 dB. After 
8 to 12 reversals, the test is over, and the SRT is calculated in 
dB as the mean of the median values between each reversal. In 
normally hearing subjects, in conductive and cochlear hearing 
loss (Fig. 2.20), the SRT correlates within +5 dB with the aver- 
age pure-tone threshold (0.5-1-2 kHz). However, in cochlear 
losses, the shape of the intelligibility function may be influ- 
enced by the perceptual distortions of intensity, frequency, and 
time, since they can adversely affect phoneme discrimination 
(42,81). Patients with retrocochlear hearing impairment or 
defective neural transduction often present with difficulty of 
speech recognition, particularly for high-intensity signals. 
Patients with lesions within the brain stem or involving the 
parietotemporal cortex may show performance on speech tests 
remarkably worse than those predicted from pure-tone thresholds. 
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Figure 2.20 The function of intelligibility also reflects the perceptual distortions found with different kinds of hearing loss. Compared to normal (pointed 
function), in middle ear disorders, the SRT is shifted by the same amount as the pure-tone hearing threshold (PTA, 0.5-1-2 kHz). In inner ear disorders, the 
maximum intelligibility may be less than 100% due to perceptual disorders typical of cochleopathies. In retrocochlear disorders (cochlear nerve and brain stem), 
the SRT is shifted by an amount greater than that predicted from the PTA. In addition, a progressive reduction of intelligibility with intensity is sometimes 


observable ("roll-over effect"). Abbreviations: PTA, pure tone average; SRT, speech reception threshold. 
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Such results may be sensitised by the use of special speech mate- 
tials in which redundancy is decreased by changing the acousti- 
cal properties of the speech signal or by adding other competing 
signals. 

Although speech audiometry has been excluded from 
the test battery originally recommended in individuals with a 
suspected genetic hearing impairment (82), it has recently 
provided useful results in the characterisation of some forms 
of dominant nonsyndromal hearing impairments. 

For example, the progressive forms, DFNA2 and DFNA5, 
show a deterioration in the rate of speech recognition that 
occurs relatively slowly over time. On the other hand, DFNA9 
and DFNA10, with a later onset, show a more rapid deteriora- 
tion, with an intelligibility reduction estimated at 1.8% per year 
(83-85). Such findings could indicate that, in DFNA2 
and DFNAS, the cochlear damage is relatively stable, whereas 
in DFNA9 and DFNA1O, in which speech test scores are 
similar to those of “presbyacusis,” the damage tends to involve 
structures other than the outer hair cells (86,87). 


om Newly emerging 
concepts in 
syndromology 


relevant to audiology 
and otolaryngology 


practice 


Clinical basics—the descriptive 
language of dysmorphology 


Dysmorphologists recognise four essential categories of birth 
defect. Firstly “deformations,” which means that the birth 
defect results from abnormal mechanical forces acting to distort 
an otherwise normal structure. These often occur quite late in 
gestation after normal initial formation of organs, but the 
growth and subsequent development of these organs or struc- 
tures are hampered by the mechanical force. An example of one 
such birth defect might be a club foot (talipes), but it needs to 
be borne in mind that talipes is not always the result of a defor- 
mation and can result from other categories of birth defect. 
Secondly, “disruptions,” are structural defects caused by 
actual destruction of previously normal tissue. This type of birth 
defect could be consequent on haemorrhage or poor blood flow 
during development to a particular region of the developing 
fetus. Disruptional abnormalities generally affect several differ- 
ent tissue types within a well-demarcated anatomical region. 
Thirdly, “dysplasias,” being abnormal cellular organisation 
or function within a specific tissue type throughout the body, 
resulting in clinically apparent structural changes. A good 
example of a dysplasia is a skeletal dysplasia, resulting in 


“dwarfing,” where the patient’s short stature is caused by a major 
gene mutation causing a dysplasia of the cartilage, with the 
result that the bones do not elongate. 

The fourth type of birth defect is “malformation.” This 
term is reserved for abnormalities caused by failure of the 
embryonic process; in other words, the particular tissue or organ 
is arrested, delayed or misdirected, causing permanent abnor- 
malities of the structure. This was a structure, which never pur- 
sued normal development. Many malformations are the result 
of genetic mutations and can result in a malformation syndrome 
affecting several different body systems and causing a range of 
different clinical signs of birth defects in the individual patient. 

In contrast to deformations and disruptions, malformations 
suggest an error occurring early in gestation, either in tissue 
differentiation or during the development of individual organ 
systems. Likewise it should be inferred that since both deforma- 
tions and disruptions usually affect structures, which have 
undergone normal initial development, the presence of a birth 
defect thus classified does not signify an intrinsic abnormality of 
the tissues involved. Furthermore, it follows that there is rarely 
a cause for concern about mental retardation or other hidden 
future medical problems if the birth defect in a child is deter- 
mined to be a disruption or a deformation—unless there has 
been structural damage to the brain as part of the birth defect. 
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The relationship of birth defects 
to one another 


Four distinct relationships are recognised and these will be 
outlined. 


Single system defects 


Malformations comprising a local region of a single organ 
system of the body account for the majority of birth defects. 
Representative examples include cleft lip, congenital heart 
disease, and congenital dislocation of the hip. 


Associations 


Clinical signs, which occur together in a nonrandom fashion 
and result in a recognisable “pattern,” but whose single under- 
lying cause remains unknown are said to represent an associa- 
tion. A good example is a fairly common condition seen in 
newborn babies and recognised by the pattern of birth defects. 
The condition is VATER association, comprising vertebral 
abnormalities, anal atresia, tracheo-oesophageal fistula, renal 
abnormalities and limb defects. The cause(s) of this condition 
is not known. Chromosome and other genetic studies are 
invariably normal in the affected patient. What is recognised is 
that a child with tracheo-oesophageal fistula, who will present 
with inability to swallow on day 1 or 2 of life, needs to have 
careful examination for these other clinical features, which are 
sometimes associated. So, it acts as a prompt to the astute clin- 
ician to look for some of the more cryptic birth defects such as 
the vertebral abnormalities, which might otherwise be over- 
looked but have serious long-term sequelae. 


Sequences 


Some patterns of multiple birth defects result from a cascade of 
seemingly unrelated events but which actually follow from a 
single developmental event/defect. Consequently, this primary 
abnormality interferes with normal embryological and fetal 
development to result in the birth of a child who appears to 
have separate and distinct abnormalities, possibly involving 
widely separated body areas and organ systems. For instance, in 
Potter sequence, the primary abnormality is absent kidneys. 
The failure to produce urine results in a greatly reduced volume 
of amniotic fluid around the baby, which in turn leads to 
mechanical constraint on the baby with deformations such as 
limb bowing, joint contractures, and compressed facial features, 
known as Potter’s facies. These deformations are elements of 
the sequence of events, which follow from the primary defect, 
which is the absent kidneys. 


Syndromes 


A particular set of congenital anomalies repeatedly occurring in 
a generally consistent pattern is known as a “syndrome.” In 


contrast to an association, a syndrome suggests that the link 
between the various anomalies is fairly consistent from patient 
to patient. Often a syndrome is differentiated from an associa- 
tion by the identification of the underlying cause, which 
explains the seemingly disparate clinical elements of the syn- 
drome. Consequently, it will be understood that a syndrome may 
be caused by a chromosomal problem (Down syndrome), a bio- 
chemical defect (Smith—Lemli—Opitz syndrome), a Mendelian 
genetic defect (Treacher Collins syndrome), or an environmen- 
tal agent (fetal alcohol syndrome). 

Since this particular term, syndrome, is at the heart of this 
discussion, a few points of elaboration may be in order. Birth 
defect syndromes are usually recognised from the report of a sin- 
gle or a few individual cases which bear a resemblance to one 
another. With the publication of further cases, this emerging 
new syndrome is expanded by the inclusion of other birth 
defects not observed in the original reports. Likewise, these 
follow-on publications tend to throw light on the natural his- 
tory of the condition, clarify the prognosis, and, with luck, 
establish a causation or identify a new investigation, which is 
diagnostic. This is a period of natural tension between aspiring 
authors, anxious to publish their cases and expand the clinical 
documentation of the new syndrome, and journal editors and 
referees, who have a duty to keep the literature free of impuri- 
ties but also an obligation to publish genuine cases, which do 
add to the sum total of knowledge in relation to the newly 
emerging/emerged condition. However, in the absence of hard 
objective laboratory investigations, cases that are wrongly 
attributed can and sometimes do get published, resulting in 
confusion in the emerging literature. One can then understand 
why it is that for newly emerging, individually rare, conditions, 
based on relatively few cases, the clinical basis of the diagnosis 
may remain “soft” for a considerable period. It is worth quoting 
directly from Aase (1), “even after considerable refinement, 
however, diagnoses based on clinical observations show a great 
range of latitude and there may be no “gold standard” against 
which a particular patient can be compared. ...there is inher- 
ent variability in the manifestations of most dysmorphic disor- 
ders, both in type and in severity of structural abnormalities... 
Syndrome diagnosis still relies heavily on the ability of the 
clinician to detect and to correctly interpret physical and devel- 
opmental findings and to recognise patterns in them.” 


The impact of gene identification 
and the altered environment of 
clinical practice 


This chapter addressed a decade ago might have had a strong 
emphasis on the need for careful phenotypic examination of 
patients with a view to gathering together adequate pedigrees 
to pursue linkage and aspire to gene identification. For many 
well-defined syndromes, these goals have now been attained and 
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current molecular strategies are increasingly turning toward non- 
Mendelian conditions, often characterised as associations. There 
is an increasing reliance on molecular cytogenetics to investigate 
patients whose clinical conditions, occurring sporadically within 
their families, have previously been unexplained. Much of this 
work stems from observations of Flint and others in the mid- 
1990s that up to 7% of unexplained mental retardation could be 
caused by subtelomere deletions of chromosomes in patients 
whose gross chromosomal examination was normal (2,3). As a 
result of this new focus of research into previously undiagnosable 
cases, new syndromes are emerging, many of them of relevance to 
the audiological physician and his/her surgical counterpart. 
Meanwhile, rare or poorly defined syndromes continue to 
be subject to ongoing research studies with a view to identify- 
ing causative mutations underlying those conditions and easing 
diagnostic controversies in cases on the margins of those diag- 
noses. In parallel with these active research developments, clin- 
icians have worked to apply many of the lessons learned from 
syndromes and conditions for which diagnostic genetic tests 
have now become available to enhance clinical management of 
patients and families with these conditions. It would be impos- 
sible in this contribution to allude to all of the advances 
relevant to syndromology of audiological medicine and oto- 
laryngology practice, so the author proposes to focus on specific 
examples, which demonstrate the principles above outlined. 


Identifying a genetic basis for a sporadically 
occurring condition—CHARGE association 
becomes a syndrome 


CHARGE association was first described in 1979 by Hall in 17 
children with multiple congenital anomalies, who were ascer- 
tained because of choanal atresia (4). Low-set, small, and mal- 
formed ears were identified among several of these cases, and 
associated clinical observations encompassing congenital heart 
defects, ocular colobomas, deafness, hypogenitalism, facial 
palsy, and developmental delay were noted as inconsistent find- 
ings across the patient cohort. Writing in the same year, Hittner 
et al. (5) reported 10 children, ascertained for colobomatous 
microphthalmia, with essentially the same constellation of clin- 
ical malformations. The term CHARGE was first proposed by 
Pagon et al. (6) to reflect the major clinical clues to this diag- 
nosis, such as coloboma, heart defect, atresia choanae, retarded 
growth, or ear anomalies/deafness. As recognised by Graham 
(7), the characteristic asymmetry of the clinical findings and 
the frequent absence of either choanal atresia or coloboma 
made diagnosis difficult in many cases, and several patients 
looked like they “might” have CHARGE association, but, with- 
out a diagnostic test, the clinical designation of such cases 
remained dubious. Experienced clinical geneticists often seized 
upon the ear morphology, the typically cup-shaped ear, as a clue 
to diagnosis in these marginal cases (Fig. 3.1). 

An important clinical landmark was reached in 2001 
when Amiel et al. (8) reported absence or hypoplasia of the 
semicircular canals on temporal bone computed tomography 


Figure 3.1 Cupped, prominent ear, in a patient with CHARGE syndrome. 
Abbreviation: CHARGE, coloboma, heart defect, atresia choanae, retarded 
growth, ear anomalies/deafness. 


Figure 3.2 CHARGE syndrome—axial computed tomography of the petrous bone 
at the level of the internal auditory meatus at the expected level of the horizontal 
semicircular canal, which is absent. The crus of the posterior semicircular canal 
should also be seen at this level indicating complete absence of the semicircular 
canals (with thanks to Dr. E. Phelan). Abbreviation: CHARGE, coloboma, heart 
defect, atresia choanae, retarded growth, ear anomalies/deafness. 


scanning as a core feature of CHARGE association (Fig. 3.2). 
Likewise, a large-scale clinical study by the same group, of 
clinical characteristics of patients with CHARGE association, 
unsurprisingly showed many other clinical features occurring as 
uncommon but probably integral features of the syndrome (9). 
In addition to reporting semicircular canal hypoplasia on 
temporal bone scans in 12 of 12 cases, these authors also 
drew attention to asymmetric crying facies, esophageal and 
laryngeal anomalies, renal malformations, and facial clefts 
among patients with CHARGE association. 

Despite these important clinical increments in recognising 
the totality of the spectrum of associated anomalies, the cause 
of the condition remained unidentified. A teratogenic aetiology 


42 Genetics and hearing impairment 


had been proposed but no specific agent had been identified 
common to women who had had such children (7). A few 
instances of parent-to-child transmission had been recorded 
(7), suggesting, in this subpopulation of CHARGE cases at 
least, a genetic, autosomal-dominant basis. Other evidence for 
a genetic basis was drawn from observation of concordance of 
the condition in monozygotic twins and discordance in dizy- 
gotic twins (7). Although it was routine clinical practice for 
clinical geneticists to undertake chromosomal analysis in 
CHARGE association cases, this was generally seen as an exer- 
cise in hope rather than a realistic investigation likely to give 
an abnormality. Most such cases resolutely showed normal 
chromosomal analysis. Hurst et al. (10) had drawn attention to 
a de novo chromosomal rearrangement, a seemingly balanced 
whole arm chromosomal rearrangement between chromosomes 
6 and 8 in a child with typical clinical features of CHARGE, 
but there being no further evidence to substantiate this as an 
important finding, it was equally likely that it was a red herring 
and not of aetiological significance. 

All of this changed however when Vissers et al. (11) used 
the comparative genome hybridisation approach to screen 
CHARGE patients for submicroscopic copy number changes 
with a view to identifying microdeletions or duplications 
in patients with CHARGE association. They identified a 
CHARGE case with 8q12 clones deleted in a region of approx- 
imately 5 Mb. Recognising the possible value of Hurst’s report 
and obtaining DNA from her case, these researchers then 
hybridised genomic DNA from Hurst’s patient onto the chro- 
mosome 8 BAC array and identified two submicroscopic dele- 
tions overlapping with the earlier 5Mb 8q12 critical region. 
Proceeding from these important initial data, no deletions were 
identified in 17 other cases of CHARGE. Nine genes were 
identified within this critical region and sequencing of 
these genes identified mutations within a specific locus, 
CHD7, in 10 of the 17 patients with CHARGE association not 
related to 8q12 submicroscopic deletions. The CHD genes are 
a family of genes encoding chromodomain helicase DNA- 
binding proteins, a family of proteins thought to have 
pivotal roles in early embryonic development by affecting 
chromatin structure and gene expression. The findings of Vis- 
sers et al. (11) clearly establish that haploinsufficiency of the 
CHD7 gene results in CHARGE features. Interestingly, and as 
might have been predicted, the individual with the microdele- 
tion has relatively severe mental retardation in association with 
the core clinical features of CHARGE—presumably this 
represents the haploinsufficiency of genes adjacent to CHD7, 
whose specific absence accounts for the typical CHARGE 
features. 

What of the seven individuals for whom neither deletions 
nor mutations were identified within this locus? It is already 
known that CHARGE can be associated with chromosome 
22q11.2 deletion syndrome-like phenotype, a cytogenetic dele- 
tion syndrome more readily associated with clinical stigmata of 
Di George sequence, velocardiofacial syndrome, and Cayler 
syndrome (12). Consequently the emerging data confirm that 


CHARGE is a genetically heterogeneous condition, most cases 
being caused by haploinsufficiency of CHD7, but some other 
cases may possibly represent an extended chromosome 22q11.2 
microdeletion syndrome and other cases an as yet unidentified 
genetic causation. However, it is now fair to recognise that most 
cases of CHARGE do share an underlying genetic basis, irre- 
spective of variability in clinical signs and that the condition 
might correctly be termed a syndrome under the distinction 
outlined above. 


Improved cytogenetics identifies new 
syndromes with specific audiological and ENT 
relevance. Clinical and cytogenetic interaction 
can result in recognition of abnormal 
chromosomes 


One of the questions most posed to geneticists relates to the 
origins of “new” syndromes. Of course the conditions referred to 
as new are not new. They have always existed but have not 
been previously recognised as distinct clinical entities. New 
syndromes emerge through the medical literature all the time. 
In the past, these have frequently comprised clinical reports of 
instructive families or individuals, but a particular trend of the 
last few years has been the identification of syndromes with spe- 
cific chromosomal abnormalities which are deemed to be clini- 
cally recognisable. Consequently, seeing a patient in whom one 
is reminded of one of these new cytogenetic syndromes, the 
clinician has a definite idea of what investigations he/she might 
request of their laboratory in seeking to establish the underly- 
ing diagnosis in that particular patient. 

Deletions of chromosome 1p36 represent a good instance 
of special relevance to clinicians dealing with deafness in 
the context of developmental delay. Shapira et al. presented 
clinical details of 14 patients with deletion of chromosome 
1p36 and identified that the condition was much more common 
than previously recognised by the then prevailing cytogenetic 
techniques. Exploiting fluorescent in-situ hybridisation (FISH) 
and other advances in cytogenetic technology facilitated the 
identification of the syndrome in cases where this had not pre- 
viously been possible. Moreover, the clinical phenotype 
described was strongly suggestive of a pattern of malformations, 
which should be clinically recognisable. Thus the clinician, by 
redirecting the attention of cytogeneticists toward this area of 
the karyotype, might assist in identification of the underlying 
chromosomal abnormality and thus solve the diagnostic issue 
for the patient (13). In fact it is clear from reading this paper 
that the clinicians were able to make the diagnosis clinically 
once they had become accustomed to the phenotype from the 
first few cytogenetically positive cases. Following that break- 
through paper, there were several other reports of this syndrome 
being recognised by clinicians elsewhere; these are well sum- 
marised by Slavotinek et al. in a major review article (14). 

The clinical profile of affected individuals, which has 
been crystallised from these reported experiences is one of 
motor delay and hypotonia (90% +), moderate to severe 
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mental retardation (90% +), pointed chin (80%), seizures 
(70% +), clinodactyly and/or short fifth finger (60% +), ear 
asymmetry (55% +), low-set ears (55% +), hearing deficits 
(55% +), and other variable features, including congenital 
heart disease and cleft lip, and/or palate. Some have com- 
mented on a horizontality of the eyebrows, which they find 
clinically valuable in alerting them to this syndromic diagnosis 
but that is inconstant, as any examination of published 
photographs shows. If present, it is a valuable clue. However, for 
this author at least, the clue is often the shape of the chin, 
which is pointed and often rather prominent (Fig. 3.3). 

While the low-set ears and ear asymmetry may be noted in 
audiology or ENT clinics, the main concern will often relate 


(A) (B) 


(C) (D) 


(E) (F) 


to hearing abnormalities. These have been characterised as high 
frequency bilateral sensorineural hearing loss in 8 of 18 cases in 
one report, a further two cases having conductive loss charac- 
terised as severe degree (15). It is valuable to know that experi- 
enced dysmorphologists will often recognise children with 
this syndrome clinically, despite a normal karyotype report, and 
discussion with cytogeneticist colleagues will often lead to reeval- 
uation of the original chromosome report and the identification 
of the underlying deletion. 

A further example of this clinical-cytogenetic inter- 
action proving valuable in identification of an underlying 
causative chromosomal abnormality occurs in relation to 
chromosome 4qter deletion. The existence of a syndrome 


Figure 3.3 Facial characteristics seen in six children 
with chromosome 1p36 deletion. Note especially the 
horizontality of the eyebrows, which is a good clinical 
sign but not universal. The pointed chin, cases B, D, 
and E especially, is another good clinical clue. (Kindly 
reproduced from Ref. 14 by permission of the BMJ 
Publishing Group.) 
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Figure 3.4 Tail of a nail sign in chromosome 4q-syndrome. 


comprising developmental delay, hypertelorism, often cleft 
palate and palatal dysfunction, low-set ears, poor growth, and 
abnormal fifth finger nails has been known for many years (16). 
Indeed, this latter sign has been recognised by Flannery as the 
main clue to the diagnosis and led him to coin the term “tail of 
a nail” syndrome for the condition (17). However, the deletion 
can be subtle cytogenetically, and, the patient’s clinical condi- 
tion being mild, be missed. Such a case arose in this author’s 
own practice recently. 


The patient was the youngest of three sisters born to unre- 
lated parents. At the age of one, she presented with an acute res- 
piratory arrest. Laryngotracheobronchoscopy showed multiple 
haemorrhagic regions in the trachea and main_ bronchi, 
consistent with acute respiratory arrest. No obstructive or other 
cause for this was identified. Routine investigations including 
basic chromosomes were normal. A genetics referral led to some 
new points being established—specifically there was no facial 
dysmorphism, but the developmental history was suggestive of 
slight parental concern in that milestones were not being 
achieved at the same rate as had occurred in the older siblings. 
Specifically, as she got older, it became clear that speech was 
delayed. The only clinical sign was an abnormal fifth fingernail 
unilaterally (Fig. 3.4), which prompted the clinical geneticists to 
ask for cytogenetic reevaluation with specific reference to chro- 
mosome 4q. A tiny deletion was shown on extended banding 
review of the chromosomes (Fig. 3.5). 

Subsequently this child developed severe palatal insuff- 
ciency, with little evidence of gag reflex on video fluoroscopy 
(Fig. 3.6), which led to gastrostomy and direct feeding. Follow- 
ing fundoplication, airway function improved greatly and even- 
tually it was possible to reinstigate oral feeding. Oropharyngeal 
hypotonia and palatal dysfunction are a well-established feature 
of the 4q-syndrome, frequently leading to the need for 
tracheostomy and gastrostomy. Several such cases are described. 
Considering the numbers of children who have these surgical 
procedures, it ought to be worth clinically examining the nails 
for tail of the nail sign and reviewing the chromosomes for 
evidence of 4q-abnormality, which can be familial and 
asymptomatic in some individuals. 


Figure 3.5 The karyotype of the patient with 
“tail of a nail" sign is shown. Note specifically the 
arrowed deletion of chromosome 4qter. (With 
thanks to Mr. A. Dunlop.) 
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Figure 3.6 Swallowing study of 4q-showing the aspiration from the 
pharynx into the trachea, which is often seen in children with this 
chromosomal abnormality and can lead to life-threatening consequences. 


New clinical signs and associations are 
crystallised which are relevant to audiological 
physicians and surgeons 


It is difficult to conceive that the practice of medicine can, after 
all the generations of our antecedents, still throw up new clinical 
signs. Perhaps it is not so much the clinical sign itself, which is 
new, as the recognition of that sign as a marker for a specific 
genetic disease or syndrome. A case in point with particular 
relevance to the clinical examination of ears has come to 
light over the last few years and now bears the eponym Mowat— 
Wilson syndrome, after the pair of principal observers, Drs. David 
Mowat and Meredith Wilson. 

In 1998, Mowat et al. published a series of six children bearing 
a distinctive facial phenotype, in association with mental retarda- 
tion, microcephaly, short stature, and, in four of the six, neonatal 
Hirschsprung’s disease (18). Severe constipation was present in all 


six. Having established a deletion of chromosome 2q22—23 in one 
of these patients, the authors then proceeded to review the litera- 
ture of clinical data from published cases with visible deletions in 
this region of chromosome 2q and felt there were strong facial 
resemblances between the features on the six cases under report 
and the case previously identified by Lurie et al. (19). Mowat et al. 
observed that following the recognition of the phenotype in the 
first two cases in their series, the next three cases were recognised 
within a six-month period. This phenomenon exemplifies the 
important learning process, which dysmorphologists often com- 
ment upon and call “getting your eye in”—essentially a learning 
period during which one recognises the phenotype and, having so 
done, recognises the pattern in future consultations with other 
patients. This learning stage is an important process in the emer- 
gence of any new dysmorphic syndrome. It also follows that if the 
original authors identified five patients within a few months that 
the syndrome must be a relatively common problem and these 
cases were unlikely to be unique cases. 

Subsequent events have shown that such is indeed the 
correct conclusion—a review by the original authors in 2003 
recorded 45 cases from several continents (20). In the interim 
period between the publication of the original observations and 
the review, the genetic basis of the syndrome had been estab- 
lished as involving the ZFHX1B gene on chromosome 2q22- 
q23. Some patients, as in the case reported by Lurie et al. (19) 
and the original observation by Mowat et al. (18), had large 
deletions encompassing this locus and surrounding regions, 
occasionally resulting in cytogenetic deletions visible down the 
microscope. Most patients however had intragenic mutations of 
ZFHX1B and the clue to undertaking this confirmatory test in 
these individuals lay in the phenotype. 

Reflecting on the fundamental facial features, Mowat et al. 
(20) drew attention to a prominent chin, hypertelorism, deep- 
set eyes, a broad nasal bridge, saddle nose, prominent rounded 
nasal tip, posteriorly rotated ears, and large uplifted ear lobes. 
Commenting on the configuration of the ear lobes, which they 
described “as like orecchiette pasta or red blood corpuscles 
in shape, is a consistent and easily recognised feature.” (Figs. 3.7 
and 3.8). 

The point that needs to be established is that a new 
syndrome has emerged, which is identifiable on the basis of 
clinical features and that the recognition of those clinical fea- 
tures is the key to directing investigation toward the ZFHX1B 
gene for mutation analysis. Perhaps the clinical sign itself is not 
new—indeed it is likely that this condition has always existed, 
but the relevance of the clinical signs and their specific causal 
association with ZFHX1B have only recently emerged. 

A similar phenomenon is beginning to emerge in relation 
to some cases of choanal atresia. Most cases of this malforma- 
tion arise as isolated clinical findings and many patients are 
never investigated beyond a brief consideration of whether the 
choanal atresia may represent a presentation of CHARGE syn- 
drome. Most cases arise as new events in the family and, if 
taken, the family history is unremarkable. One aspect of history, 
which is frequently not sought, is the history of the pregnancy, 
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(A) 


Figure 3.7 The facial appearance of two children 
with Mowat-Wilson syndrome in infancy and 
childhood is shown. (Kindly reproduced from Ref. 20 
by permission of the BMJ Publishing Group.) 
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Figure 3.8 The characteristic ear appearance in Mowat-Wilson syndrome 
is shown. (Kindly reproduced from Ref. 20 by permission of the BMJ 
Publishig Group.) 


and, in particular, a history of maternal medication. In fact, 
a trickle of cases since Greenberg first observed choanal atresia 
in the offspring of a woman exposed to carbimazole in preg- 
nancy (21) have supported a likely causal effect for choanal 


Figure 3.9 Nipple hypoplasia in carbimazole exposure is demonstrated. 
Some children have had complete absence of nipple formation in association 
with choanal atresia in this teratogenic syndrome. 


Figure 3.10 Broad halluces seen in association with deafness in a case 
of Keipert syndrome. Source: From Ref. 24. 


atresia in several cases of carbimazole exposure (22,23), 
which may be associated with oesophageal atresia, nipple apla- 
sia or hypoplasia, and dysmorphic facial features in some 
instances (Fig. 3.9). 

As with the ear abnormalities in 2q deletion syndrome, 
choanal atresia related to the ingestion of carbimazole during 
pregnancy has long existed but the association has been over- 
looked by failure to take the history of the pregnancy. The 
lesson is that for cases of isolated choanal atresia, it is worth 
taking a detailed history of the pregnancy and looking carefully 
at the nipples of the baby. 

Often the diagnostic significance of a specific clinical sign 
can be obscured by lack of reports or failure to observe the 
sign in cases with the condition. It certainly seems that this 
observation is true in respect of Keipert syndrome, in which 
condition deafness is associated with broad thumbs and halluces 
(Fig. 3.10). Only a handful of reports have recognised this rare 
diagnosis, but the author is aware of at least three further cases, 
which have been brought to his attention following a report of 
a classical case (24). Apart from the broad thumbs, there was 
general reduction in the terminal phalanges on radiology with 
a large thumb epiphysis (Fig. 3.11). It is likely that there are 
many other cases of this syndrome currently unrecognised for 
want of clinical examination. 


Molecular genetics of known syndromes 
informs clinical classification and explains 
some previous contradictions 


Antley-Bixler syndrome 

Antley—Bixler syndrome is a condition derived from the epony- 
mous 1975 report of a patient with craniosynostosis, 
radiohumeral synostosis and femoral bowing (25). Over 30 sub- 
sequent cases have been described, sometimes as single events, 
often as sibships. In common with other children with severe 
craniosynostosis, many of these children have significant audi- 
ological problems, complicating a clinical profile, which already 
encompasses craniofacial, dental, orthopaedic and endocrine 
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elements. Genital abnormality is an inconstant element of 
the condition. However, the syndrome is very difficult to 
distinguish from two other clinical disorders: Pfeiffer syndrome 
with large joint synostosis, in which the genital malformations 
are absent, and fluconazole embryopathy. In the latter condi- 
tion, mothers taking fluconazole have given birth to children 
with a clinical picture, which closely resembles Antley—Bixler 
syndrome and may be indistinguishable (26). The observation 
of clitoromegaly in a single case of Antley—Bixler syndrome 
led one group of authors to pursue this line of enquiry further. 
They observed abnormalities of steroid biogenesis in 7 out of 
16 patients with a clinical presentation consistent with 
Antley—Bixler syndrome, finding mutations of the FGFR2 
(fibroblast growth factor receptor 2) gene in a further seven cases. 
This led to the authors postulating that there were different 
forms of Antley—Bixler syndrome—those associated with 
steroid biogenesis abnormalities and those whose clinical phe- 
notype might reflect FGFR mutation only (27). This suggestion 
has been developed further and mutations in cytochrome P450 
oxidoreductase identified in children with disordered steroido- 
genesis, ambiguous genitalia, and Antley—Bixler syndrome, this 
condition segregating as an autosomal recessive disorder in 
contrast with the new dominant mutation of FGFR2, which 
gives a similar phenotype, but for the absence of genital ambi- 
guity (28). Not only has the molecular genetics resolved the 
differences between the overlapping clinical phenotypes but it 
has also given an understandable reason for the genital ambigu- 
ity in some families, which was not apparent in the FGFR2- 
related forms. Finally the fluconazole embryopathy phenotype 
can be readily understood in the context of considering the 
mode of action of that antifungal agent. Fluconazole acts 
through the cytochrome P450 enzyme C-14 a demethylase, 
principally inhibiting the demethylation of lanosterol, the pre- 
dominant sterol of the fungal cell wall. Although one of 


Figure 3.11 Short terminal phalanges in Keipert 
syndrome. Note also the abnormally large 
epiphysis in the thumbs. Source: From Ref. 24. 


the therapeutic advantages of fluconazole is the improved speci- 
ficity it shows for the fungal cytochrome P450 enzyme complex, 
the embryopathy is likely to reflect relative adrenal insuff- 
ciency in infants who develop features of the embryopathy in 
mothers exposed to fluconazole during pregnancy. The identifi- 
cation of mutations in the POR gene consolidates this likely 
mechanism of action as the basis of the fluconazole embryopa- 
thy and the phenotypic overlap with FGFR2 mutation and 
POR mutation. Thus clinical observations, in this instance the 
identification of ambiguous genitalia in a single case, which can 
initially seem rather disparate, can be crucial to the ultimate 
understanding of the pathological spectrum in all its variations 
and the apparent contradictions can be elided. 


Pendred syndrome 

There are several other good examples of this in conditions, 
which are considered more “mainstream” with respect to 
deafness syndromology. If we look at Pendred syndrome, the 
classical diagnostic triad of deafness, goitre, and a positive per- 
chlorate discharge test have been shown to be relatively poor 
identifiers of affected individuals. The substitution of radiologi- 
cal malformation in the form of Mondini malformation or 
dilatation of the vestibular aqueduct greatly enhances diagnosis 
and identification of affected individuals (29,30). Indeed, in 
clinical practice, the use of the perchlorate discharge test has 
largely been supplanted. Likewise the identification of muta- 
tions in the PDS gene on chromosome 7q has greatly added to 
the investigative tools available in recognising this syndrome in 
all its manifestations (31). Over 100 mutations of the gene are 
now known, though a small number are much more prevalent 
than others, some of which have only been observed on a 
single occasion. The deployment of these new forms of investi- 
gation has facilitated the resolution of diagnostic conundrums 
posed by particular interesting cases and families. For instance, 
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Gill et al. presented a case in which the proband had been dead 
for 35 years (32). The patient had been congenitally deaf and 
hypothyroid, the deafness having been assumed to be secondary 
to the hypothyroidism. Temporal bone sections had been stored 
and on review, 35 years later, a grossly dilated vestibular aque- 
duct was identified. An affected younger sibling was identified 
and investigated, revealing typical clinical and radiological 
findings of Pendred syndrome. The developmental delay in the 
index case was clearly attributable to the congenital hypothy- 
roidism, a very rare complication in the profile of Pendred 
syndrome. 

Likewise there have been perplexing families reported, 
whose clinical conditions have been resolvable by molecular 
approaches. The best example of such is the Brazilian family 
recorded by Billerbeck et al. (33). Goitre associated with deaf- 
ness and a positive perchlorate discharge test was observed in at 
least two affected individuals in the highly consanguineous 
pedigree under consideration. To complicate matters, the fam- 
ily emanated from a region of endemic goitre. The likely diag- 
nosis of Pendred syndrome was offset by the observation of 
positive perchlorate test in the absence of hearing loss in other 
individuals in the pedigree, while others were recorded with 
deafness alone or goitre as a sole finding. The identification of 
mutations in the PDS gene facilitated the wider exploration of 
the underlying pathology in this confusing pedigree. It tran- 
spired that the index case, satisfying all typical diagnostic para- 
meters for Pendred syndrome, did harbour a homozygous 
deletion in exon 3 of the gene, resulting in a frameshift and pre- 
mature stop. An additional two individuals in the pedigree also 
shared this genotype, and thus had Pendred syndrome. How- 
ever, several deaf individuals in the pedigree were not homozy- 
gous for the PDS mutation, suggesting a likely alternative 
autosomal recessive cause for deafness in these patients. More- 
over six individuals in the family with goitre did not have PDS 
gene mutations and the likely cause for the goitre in these was 
the endemic iodine deficiency (34). Accordingly the clinical 
classification of this family has been established as comprising 
three distinct conditions—Pendred syndrome, goitre related to 
endemic iodine deficiency, and nonsyndromic deafness. Similar 
phenomena have been observed and formally established in 
another confusing family (35). 


Waardenburg syndrome 
Waardenburg syndrome and the various subtypes of this condi- 
tion provide one of the most elegant examples of how good 
clinical observation, careful family studies, and integration of 
molecular data can powerfully combine to enhance under- 
standing of clinical observations, which, initially at least, 
seemed to be at variance with received wisdom, ultimately 
resulting in the recognition of new disease processes. It is worth 
briefly reviewing the progress, which has been made relating to 
this group of disorders. 

The original observation of deafness with heterochromia 
irides, white forelock, and white skin patches dates from 1951 
(36). Some 20 years later, it was the observations of Arias that 


the dystopia canthorum segregated with deafness in some fami- 
lies but not in others, which led to the separation of type I (with 
dystopia) from type II (37). Subsequent reports were less 
amenable to classification: the observation by Shah et al. in 
1981 of infants with Hirschsprung disease and white forelock, 
seemingly inherited in autosomal recessive manner (38) and 
the report from Klein in 1983 of a patient with features of 
Waardenburg syndrome type I associated with severe arm 
hypoplasia and arthrogryposis of the wrists and hands (39). 
Aided by careful attention to phenotype and, in particular, 
to dystopia canthorum, linkage studies on Waardenburg syn- 
drome type I (WSI) led to identification of mutations in the 
PAX3 gene on chromosome 2 (40,41). Subsequent studies have 
established that almost all cases conforming to the WSI pheno- 
type have mutations at this locus and there is no substantial 
evidence for genetic heterogeneity. However, deafness is a vari- 
able feature of the syndrome among WSI individuals, with 
Read and Newton citing a prevalence of 52% in their experi- 
ence (42). This seems not to be related to the nature of the 
mutation and the exact cause of this variation in penetrance 
remains unclear. However, identification of mutations in PAX3 
has considerably aided our understanding of clinically confusing 
situations outlined above. Klein—Waardenburg syndrome, also 
known as WSIII, has proven to be another phenotype of PAX3 
mutation. In some instances, this is due to a contiguous gene 
deletion involving the PAX3 locus and adjacent regions of 
chromosome 2q35, but in others, intragenic mutations of PAX3 
have been found, either in the homozygous or in the heterozy- 
gous state. A good example is the family reported by Woolnik 
et al. in which parents with WSI shared a mutation for PAX3, 
the offspring being homozygous for the mutation, Y9OH, and 
having the WSII phenotype (43). In mice, homozygosity of 
PAX3 mutations results in severe neural tube defects and lethal- 
ity. Likewise a phenotype of exencephaly and severe contrac- 
ture and webbing of the limbs in human kind has been 
speculated to be consistent with a severe PAX3 mutation in 
homozygous form (44). Indeed screening patients with neural 
tube defects for PAX3 mutation led to the identification of one 
patient with a myelomeningocele who, on close examination, 
was shown to have mild features of WSI, which were also seen 
to segregate with the mutation in several family members (45). 
Less predictable was the finding that craniofacial-deafness-hand 
syndrome is allelic to WSI, being caused by an exon 2 missense 
mutation in affected members of this unique family. The 
phenotype comprises autosomal-dominant deafness, with 
hypoplasia of the nasal bones, telecanthus, nasolacrimal duct 
absence/obstruction, ulnar deviation of the hands, and flexion 
contractures of the ulnar digits (46). Notably there are no fea- 
tures of pigmentary disturbance in this pedigree. The mutation 
in this family is a missense mutation, resulting in substitution of 
asparagine by lysine (N47K). However, alternative mutation of 
this asparagine residue to histidine in another family results in 
a more typical clinical outcome of WSIII in affected individu- 
als. However, unlike the PAX3 mutations seen in homozygous 
form in some WSIII patients, this N47H mutation causes WSIII 


50 Genetics and hearing impairment 


in heterozygous form (47). More commonly however, the 
WSII phenotype is seen as a consequence of compound 
heterozygosity for PAX3 mutation. The likely explanation for 
these seemingly contradictory observations lies in the effects of 
the mutation on the function of the PAX3 mutant protein. 
Indeed, there is evidence for this from the work of DeStefano 
et al. (48) who studied the relationship between mutation type 
and clinical sequelae in 271 WS individuals, representing 42 
unique PAX3 mutations. Deletions of the homeodomain were 
most significantly correlated with significant clinical findings 
and were seen especially to correlate strongly with white 
forelock. 

In parallel with these emerging insights into the clinical 
phenotypes attributable to genetic mutation at the PAX3 locus, 
there has been considerable advance on the understanding of 
the genetic basis of WSII and related disorders. Mutations in 
the MITF gene on chromosome 3p have been established in 
several families conforming to the clinical definition of WSII. 
Other clinically interesting phenomena associated with muta- 
tion at this locus have also been observed. Deafness is more 
common as a clinical finding of WSII than is the case in WSI, 
being observed in approximately 80% of cases (42). However, 
the absence of pigmentary abnormalities in many patients, or 
the presence of such features in only very subtle form, does lead 
to difficulty in discrimination between WSII and patient with 
nonsyndromic deafness. Indeed Read has confirmed this clini- 
cal observation at molecular level with his observation that 
10% of cases with a clinical diagnosis of WSII in fact have 
mutations at the Connexin 26 locus and do not have WSII at all 
(49). As often happens, once the molecular genetics of a 
syndrome become established, conditions, which had been con- 
sidered to represent clinically distinct syndromes have been 
recognied as allelic forms, due to the identification of a muta- 
tion at the same locus. Tietz syndrome is a case in point. The 
syndrome dates from the 1963 report of Tietz of a family in 
which deafness segregated as a dominant trait over six genera- 
tions but always in association with albinism. The irides were 
blue, with albinoid fundi, the hair being blond, and the skin 
very fair. MITF mutation was shown as the basis of this syn- 
drome of albinism and deafness (50). Foremost among the clin- 
ical observations, which underlay this syndrome was the 
cosegregation of albinism and deafness in affected individuals as 
autosomal-dominant traits. Albinism is more often and classi- 
cally observed as an autosomal recessive trait in clinical genet- 
ics. However, families were also known in whom WSII and 
ocular albinism existed but in which the pattern of cosegrega- 
tion was not as clear-cut. This was known as the Waardenburg 
syndrome type I with ocular albinism (WSI-OA) 
phenotype. Such pedigrees are rare, but Morrell et al. studied 
one such pedigree, establishing an intragenic deletion within 
the MITF locus. Individuals with the OA phenotype were 
shown to have homozygosity or heterozygosity for the R402Q 
mutation in the tyrosinase gene, which functionally reduces the 
catalytic activity of the tyrosinase enzyme, in addition to the 
MITF mutation (51). These observations led the authors to 


propose that the WSII-OA phenotype is consequent on digenic 
interaction between MITF and tyrosinase, a gene regulated 
by MITF. 

Not all cases of WSII phenotype have mutation of the 
MITF locus. Indeed, online mendelian inheritance in man 
(OMIM) currently lists four loci for WSII, respectively, termed 
WSIIA-D. However, only the MITF locus is confirmed and to 
date, this represents the sole locus for WSII at which mutations 
have been established, which result in the WSII phenotype. 
MITF is a key activator for tyrosinase, a major enzyme in 
melanogenesis and critical for melanocyte differentiation. 
PAX3 transactivates the MITF promoter and is assisted in 
doing so by another gene SOX10. Not surprisingly, this latter is 
also an important gene in WS phenotypes and specifically in 
the WS4 clinical spectrum. 

The term WS4 relates, as outlined above, to the observa- 
tions of Hirschsprung disease in association with other pheno- 
typic characteristics of WS. In a study of a large Mennonite 
family, many of whose members had Hirschsprung disease, 
sometimes associated with low-grade features of WS (white 
forelock in 7.6% of cases), Puffenberger et al. identified a 
causative mutation in the endothelin receptor B gene (EDNRB) 
on chromosome 13 (52). This was an interesting mutation, 
which showed dosage sensitivity. Homozygotes have a 74% 
chance of showing Hirschsprung disease against a 21% chance 
in heterozygotes. This was a seminal finding, leading not only 
to the identification of a genetic basis for many cases of non- 
syndromic Hirschsprung disease, but also to mutation of the 
EDNBRB locus in families conforming to the Waardenburg-Shah 
phenotype (WS4) (53) as well as the recognition of an allelic 
condition, albinism, black lock, cell migration disorder of the 
neurocytes of the gut, and deafness (ABCD) syndrome (54). 
The latter refers to a child with deafness, albinism, a black lock 
in the right temporo-occipital region, and spots of retinal depig- 
mentation, in whom severe intestinal innervation defects were 
established. These clinical findings were causally attributed 
to homozygosity for a C to T transition in the EDNRB gene 
resulting in a stop codon with no production of normal protein 
possible. 

Prompted by these observations and encouraged by the 
knowledge that mutation of the endothelin 3 gene in mouse 
results in a phenotype similar to WS4, Edery et al. searched for 
and reported mutations of the EDN3 gene in patients with 
Waardenburg-Shah syndrome (55). Subsequently mutations at 
this same locus have been found in other cases of WS4 but also 
in isolated cases of Hirschsprung disease and even in a patient 
with Hirschsprung disease associated with central hypoventila- 
tion syndrome. It is now known that EDNRB has a strictly 
defined role in governing migration of the precursor cells of the 
enteric nervous system into the colon. Binding sites for SOX10 
enhance the migration of these enteric nervous system cells. 
Not surprisingly, then, the SOX10 gene, on chromosome 
22q13, is also associated with WS phenotypes. Specifically 
several patients with WS4 phenotype have been described due 
to mutation at this locus. Moreover, a patient thought to have 
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a separate condition, Yemenite deaf—blind hypopigmentation 
syndrome, was also reported with SOX10 mutation (56). Like- 
wise, SOX10 mutations have been recorded in patients with 
pigmentary disturbance and deafness suggestive of WS but in 
whom rectal biopsy is normal. Nonetheless, the patients have 
persistent bowel symptoms suggestive of bowel obstruction. 
This establishes that aganglionosis is not the only mechanism 
associated with intestinal dysfunction in SOX10 mutation (57). 
Other clinically important phenomena have been observed in 
the spectrum of SOX10-associated disease. Donnai presented 
details of an adult deaf female with raindrop pigmentation of 
the skin, in whom a SOX10 mutation was established (58). 
A further set of patients was identified with WS4 features 
associated with a peripheral neuropathy and/or central 
hypomyelinating neuropathy associated with SOX10 mutation 
(57,59). This neurological variant is now known as peripheral 
demyelinating neuropathy, central demyelinating leukodystro- 
phy, Waardenburg syndrome, and Hirschsprung disease 
(PCWH), and recent work has established that this more severe 
phenotype occurs because truncated, mutant SOX10 proteins 
with potent dominant negative activity escape the nonsense 
medicated decay pathway (60). 

To summarise, mutations at five distinct loci, PAX3, MITF, 
EDNRB, EDN3, and SOX10, have been described in associa- 
tion with Waardenburg syndrome phenotypes. However, care- 
ful attention to clinical examination and investigation in these 
patient groups has contributed enormously to an enhanced 
understanding of the molecular mechanisms, the mutational 
spectrum, and the embryological events, which underlie the dif- 
fering presentations of Waardenburg syndrome. 


Phenotypic studies of syndromes with an 
already established genetic basis enhances 
clinical data, patient management and 
drives further research 


The cloning of a gene and the establishment of causative muta- 
tions at that locus for various phenotypes are sometimes seen as 
an end in itself. To researchers engaged on such research, this 
does represent a momentous milestone. However, to clinicians, 
families with the condition and those charged with delivery of 
medical services to such patients and families, the identification 
of mutations does not usually change patient care other than by 
facilitating identification of others in the kindred who them- 
selves have inherited the mutation and might benefit from spe- 
cific screening measures for covert disease. What the 
identification of mutations underlying a specific syndrome does 
allow is more detailed phenotypic studies of that condition and 
encourage the clinical “teasing out” of clinically overlapping 
conditions, so that it can become clearly established as to what 
particular pathology applies in an individual patient or family. 
A good example of this is provided by the dilated vestibular 
aqueduct syndrome (Fig. 3.12). Dilatation of the vestibular 
aqueduct has been known since 1978. Several series of deaf 
patients with this radiological phenomenon had been published, 


Figure 3.12 Dilatation of the vestibular aqueduct is shown in a typical case 
of Pendred syndrome. Source: From Ref. 29. 


resulting in over 200 cases being identified and reported in 
radiological and ENT literatures. It appears that none of these 
patients had been recognised as having an underlying genetic 
syndrome and indeed it is never addressed in any of these 
publications as to whether any of the patients included in the 
various series were related. Phelps recognised that almost all 
cases of Pendred syndrome manifest dilatation of the vestibular 
aqueduct (30,61) and there has since been a mushrooming of 
interest in this radiological marker of deafness. This interest in 
investigating deaf patients more systematically and in seeking to 
identify the precise basis of the deafness has established that 
dilatation of the vestibular aqueduct is not confined to Pendred 
syndrome. Indeed, it is not at all surprising, considering 
the shared pathology of ion transporter defects seen in both con- 
ditions, that renal tubular acidosis and deafness, a distinct auto- 
somal recessive condition, should share this characteristic with 
Pendred syndrome (62). There are now suggestions that there 
may be a genetically distinct autosomal recessive syndrome of 
dilatation of the vestibular aqueduct and deafness separate from 
Pendred syndrome and for which the locus remains to be estab- 
lished (63). Such claims, whether they will be validated in time 
or not, are only possible because of detailed phenotypic work, 
which has continued following the identification of the genetic 
basis of Pendred syndrome and the incorporation of such muta- 
tional studies into clinical practice. The best estimate currently 
available is that Pendred syndrome mutation accounts for about 
86% of cases of vestibular aqueduct dilatation (29). 

Likewise with respect to branchio-oto-renal (BOR) 
syndrome, the cloning and identification of mutation at the 
EYAI gene has shown that there are other clinically overlapping 
phenotypes, which are not due to mutation at this locus. Among 
families, comprising the majority, which do owe their clinical 
phenotype to EYAI mutation, there has been enhanced 
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incorporation of genetic data into patient care and manage- 
ment. Chang et al. have furnished their data incorporating 40 
families with 33 distinct mutations segregating and have identi- 
fied the major features as deafness in 98.5%, preauricular pits in 
83.6%, branchial anomalies in 68.5%, and renal anomalies in 
38.2% (64). However, other phenotypes have also been associ- 
ated with mutation at this locus, including cataract and anterior 
ocular defects (65), Otofaciocervical syndrome (66) and a con- 
tiguous gene deletion syndrome, which is clinically charac- 
terised by BOR syndrome but with additional clinical features of 
Duane eye retraction syndrome, hydrocephalus, and aplasia of 
the trapezius muscle (67). In addition to these allelic diseases 
emerging from BOR-related studies, there has also been clarifi- 
cation of those families whose clinical phenotype appears to sug- 
gest a likely diagnosis of BOR but for whom mutation at EYA] 
was not established and linkage data suggested that the disease 
phenotype was a function of mutation at another locus. A good 
example of this is provided by the large kindred forming the 
basis of the report of another BOR locus on chromosome 14q 
(68). This pedigree, comprising over 40 affected individuals, dif- 
fers from the classical BOR syndrome profile in that only 
approximately 25% had branchial arch-related defects, the age 
of onset of deafness was much later and more variable than is 
generally seen in EYAI-related deafness, and no renal malfor- 
mations or anomalies are reported in the clinical data furnished 
on the family. Purists might argue with the nosology of the syn- 
drome as BOR3, but it is difficult to argue against this in light of 
the clinical finding of branchial defects in 25% of affected indi- 
viduals. The mutational basis of this, to date unique, family 
remains unresolved at this time, but it is worth noting that other 
“nonsyndromic deafness” loci map to the same region on linkage 
(DFNA23 and DFNB35). The designation BOR2 has been 
given to another hitherto unique dominant pedigree mapping to 
chromosome 1q (69). Such a designation is certainly more 
contentious as the family had always been considered clinically 
distinct from BOR by the absence of cervical fistulae, renal 
anomalies, and the presence of lip pits. However, there is no 
doubt that this pedigree represents another form of autosomal- 
dominant deafness associated with preauricular sinuses. 

BOR syndrome also represents an example of how learning 
that a member of a specific gene family can cause a particular 
phenotype extends the opportunities for establishing molecular 
pathology in clinically related situations. EYAI is one of four 
related human loci, and mutations at another of the genes in 
this family, EYA4, have been reported in deafness of autosomal- 
dominant nonsyndromic type (70). 


Deaf blind 


Introduction 


Deafblindness comprises a number of heterogeneous hearing 
and vision disorders. These disorders can be caused by trauma, 
diseases, and different genetic syndromes. The two senses hear- 
ing and vision are the primary communication tools for 
humans; their action is complementary and they enhance each 
other. To be fast and reliable, communication between humans 
relies on vision and hearing. Since communication is derived 
from the Latin word “communicare,” which means to do things 
together, it is obvious that a loss of these two senses can be cat- 
astrophic. For example, in noisy environments where it is diffi- 
cult to hear, visual input such as body language and expressions 
can supplement our understanding. Likewise, when vision is 
poor, hearing plays a major role in the localisation of sounds 
and detection of danger etc. 

The definition deafblindness comprises many different 
forms of impairments. A person with deafblindness can be pro- 
foundly deaf and completely blind, completely deaf with visual 
impairment, completely blind with hearing impairment, or 
have a hearing and vision dysfunction. As mentioned before, 
vision and hearing interact, thus deafblindness is 1 + 1 = 3. 

A widely used definition is by the Northern European com- 
mittee on disability who in 1980 stated as follows: A person is 
deafblind when he/she has a severe degree of combined visual 
and auditory impairment. Some deafblind people are totally 
deaf and blind, whereas others have residual hearing and resid- 
ual vision. 

Another categorisation of deafblindness is to discuss these 
disorders as either congenital or acquired deafblindness. 


Congenital deafblindness 


Congenital deafblindness is extremely rare: about 1 in 10,000 
newborn babies is affected. Causes of congenital deafblindness 
include genetic syndromes, premature birth, infections, etc. 
Subjects with complete congenital deafblindness very often 


ness 


have other dysfunctions such as mental retardation, cerebral 
palsy, etc. Due to the lack of vision and hearing, the subject has 
to rely on sensory influx from smell, taste, and touch. This also 
gives a severe risk of sensory deprivation, which might enhance 
a mild mental retardation. Subjects with congenital deafblind- 
ness need an environment with extremely good professional 
communication skills. The communication training is lifelong 
and relies heavily on tactile sign language and input via the 
remaining senses—touches, smell, and taste. When working 
with persons with congenital deafblindness, the goals have so 
far been to open new channels for communication. 

During the previous years, very promising achievements 
have been made through the advent of cochlear implants (CI). 
If a child with congenital deafblindness does not have severe 
brain damage, early cochlear implantation might result in hear- 
ing and even in speech. In other syndromes associated with 
additional brain damage, the goal of CI is simply to create 
sound awareness and basic recognition of sounds. Thus, in the 
future, CI will probably dramatically change communication 
skills for many persons with congenital deafblindness. Similar 
vision implants have not yet proved to be successful but ongo- 
ing research will probably result in similar achievements. 

Today (2006), at least 20 different genetic syndromes are 
known to cause congenital deafblindness. In some of these, the 
genes have been identified and cloned. Because of the rarity of 
these genetic conditions and difficulties in assessment, congen- 
ital deafblindness can sometimes be missed and hidden due to 
other dysfunctions and, thus, attributed to other conditions. 


Acquired deafblindness 


As in congenital deafblindness, there are many causes of acquired 
deafblindness. The prevalence of acquired deafblindness is hard 
to estimate, in part depending on the definition. Usually only 
young and middle-aged people are included and most of the syn- 
dromes known today have clinical features present from child- 
hood or young adulthood. It should be noted, however, that in 
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old people, a severe hearing loss as well as a severe visual loss 
caused by conditions such as cataracts, macular degeneration, 
and age-related hearing loss will create a severe communication 
problem. Thus, age-related deafblindness is not caused by 
syndromes but will result in the same impairment, which if not 
compensated, will increase dementia and other disorders. 

Today (2006), more than 50 hereditary syndromes are 
known to cause acquired deafblindness. Out of those, at pre- 
sent, in around 40 different syndromes, the gene has been 
localised and in quite a few, the gene has been identified. Many 
of these syndromes have proven to be heterogeneous with many 
different genes causing the same or similar phenotypes (1). 


Some deafblind syndromes 


The following syndromes are described in more detail below: 


Usher syndrome (US) 
Alstrém syndrome 

Norrie disease 
Mohr-Tranebjaerg syndrome 
Wolfram syndrome 

Refsum syndrome 


Usher syndrome 


The three clinical features of US are retinitis pigmentosa (RP), 
hearing loss/deafness, and vestibular dysfunction/areflexia. US 
is an autosomal recessive disorder. The prevalence of US differs 
in different countries but approximately 50% of all people 
affected with deafblindness have US (2). The disease was first 
described by Albrecht von Graefe in 1858 with the occurrence 
of RP and congenital deafness in three brothers. The next to 
describe the disease was Charles Usher in 1914. He described 
deafness and RP in several families in England. Another 
historic landmark was the recognition by Julia Bell in 1933 of 
the hearing loss variation in US (3). 


Retinitis pigmentosa 

RP is a description of several different disorders of the retina. 
The disease in the retina is degeneration. A hallmark for RP is 
“bones spicules,” which are caused by release of pigment from 
the pigment epithelium, forming black spots in the retina. The 
degeneration starts in the rods, and the cones are affected later. 
This will give rise to different symptoms such as glare sensitiv- 
ity, night blindness, and progressive reduction of the visual 
field. RP is present in many heterogeneous disorders, and it 
can be inherited in autosomal dominant, or recessive as well as 
sex-linked patterns. A large number of genes causing RP have 
been identified. 


Classification 
Classification of US can be made from the phenotype or the 
genotype. The clinical classification is at present based on three 


Table 4.1 The genetic subtypes of Usher syndrome 


Type Chromosome Gene 
Usher IB 11q13.5 MYO7A 
Usher IC 11p15.1 USH1C 
Usher ID 10q22.1 CDH23 
Usher IE 21q21 Unknown 
Usher IF 10q21-22 PCDH15 
Usher IG 17q24-25 SANS 
Usher IIA 1941 Usherin 
Usher IIB 3p23-24.2 Unknown 
Usher IIC 5q14.3-q21.3 VLGR1 
Usher III 3q25 Clarin 


clinical subtypes I, II, and III (4). Table 4.1 shows the current 
classification of US based on molecular genetic studies (5). 
(Note that Usher 1A (6) is no longer valid since the families 
were later found to have mutations in MY07A.) 


US type I 

Hearing: The hearing loss is congenital, profound bilateral deaf- 
ness. The audiogram might sometimes show a little residual 
hearing at low frequencies (corner audiogram). The profound 
deafness does not allow development of speech. The habilita- 
tion of children with type I US has dramatically changed during 
recent years with the introduction of CI. If implantation is 
made early in life (before two years of age), the results are 
excellent and will result in hearing and spoken language as 
well as benefiting sound localisation later in life when vision 
deteriorates. 

Vision: The degeneration is progressive, bilateral, and sym- 
metrical. The degeneration starts in the periphery. The initial 
symptoms are glare sensitivity, night blindness, and, later, con- 
stricted visual fields. The first visual symptoms can be observed 
in early childhood. The child is insecure in darkness, clumsy, 
etc. The fundus changes are seen rather late, thus the first reli- 
able diagnostic tool is electroretinography (ERG). This can 
show changes as early as in the first or second year of life. The 
progress of RP in type I is slow and most persons will have cen- 
tral vision with approximately 5° visual field at the age of 50 to 
60 years. The RP is often complicated by cataracts (80%). 

Balance: Subjects with type I have bilateral vestibular are- 
flexia (deaf in the vestibular-balance organs). This is a hallmark 
of type I and the clinical symptoms are late motor milestones, 
late walking age (>18 months), and clumsiness, especially in 
darkness. The bilateral vestibular areflexia, which will cause the 
late walking age, is the first obvious symptom of a possible US. 
This is easily assessed in small children by using video-Frenzel 


during rotation. Thus screening for vestibular deficiency in deaf 
and hearing-impaired children, and a finding of a bilateral 
vestibular areflexia, will in approximately 30% to 40% of these 
children result in a diagnosis of US (2). 

So far, six different genetic loci have been identified for 
Type I US (Table 4.1). 


Usher type Ib: This common form of Usher type I has been 
linked to chromosome 11q13.5 and is caused by mutation of 
the myosin VIIa (MYO7A) gene. This protein is believed to 
act on the cytoplasmic actin filaments (7). A mouse model 
(shaker-1) has been found for Usher type Ib. The mouse is 
deaf and has vestibular areflexia but no RP (8). The gene is 
expressed in many organs. The MYO7A gene is large and at 
present (2005) more than 80 different mutations have been 
reported. 

Usher type Ic: The gene is linked to chromosome 11p14-p15.1 
and was first described in the French Acadian population of 
Louisiana, U.S.A. (9). The gene product is named Harmonin 
and is suggested to play a role in transmission of nerve 
impulses. The exact function of Harmonin is not yet fully 
understood. 

Usher type Id: This condition is linked to chromosome 10q 
and is caused by mutations in the Cadherin (CDH23) gene 
(10). A mouse model for Usher type Id, called the Waltzer 
mouse, exists. In this mouse, the stereocilia and the kinocil- 
ium are disrupted (11). 

Usher type Ie: The locus has been linked to chromosome 
21q21. The gene is not yet identified. Only one family from 
Morocco has been found (12). 

Usher type If: This form is linked to chromosome 10q21 and 
has been found in a few families. The protein is related to oto- 
cadherin and the gene is expressed both in the retina and in 
the inner ear. The gene has now been named Protocadherin 15 
(PCDH15) and it seems to be necessary for development of 
the neurological system. A mouse model of Usher type If has 
been created, which is called the Ames Waltzer mouse (13). 
Usher type Ig: This form is linked to chromosome 17q24-25 
and has been found in two different families. Mutations are 
found in the SANS gene, which is involved in a functional 
network together with harmonin, cadherin 23, and myosin 
Vila (14). Thus, the genes of Usher type I seems to interact 
with each other and in the future new research will proba- 
bly reveal a close interaction between these genes and 
maybe between genes causing type II and HI condition as 
well. Today it is believed that Usher type Ib and Usher type 
Id are the most common genotypes. 


US type II 

Hearing: The first symptom in US type Il is a congenital 
or extremely early—acquired sensorineural hearing loss. The 
hearing loss is bilateral, symmetrical, and moderate to severe. 
The audiogram is down sloping with a mild-to-moderate loss at 
lower frequencies and a severe-to-profound loss at higher 
frequencies. The hearing loss is in most cases stable but a 
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mild progression can be seen from the fourth decade. The hear- 
ing benefits from bilateral hearing aid amplification as early as 
possible. 

Vision: The visual problems are similar to those in Type I. 
The course of RP (progression of visual acuity loss and visual 
field loss) might be milder in Usher type II] compared with 
Usher type I (15). 

Balance: vestibular function is normal. 

So far, three different genetic loci have been found with 
mutations (Table 4.1). 


US type Ila: This is the most common form. It has been 
linked to chromosome 1q and the mutation 2299delG is the 
single most common form of mutation (16). The mutations 
are found in a gene named Usherin, which codes for a novel 
protein in the extracellular matrix and in cell-surface recep- 
tors. Usherin is found in many organs. Its exact function is 
still unclear. US type Ha seems to account for more than 
70% of all subjects with Usher type II (17). Genetic testing 
is available on a clinical basis. 

US type IIb: This form is linked to chromosome 3p23-24.2 
and has been localised in one family. The gene is not 
known (18). 

US type IIc: Type IIc has been linked to chromosome 5q14 
and has so far been reported in four families. The gene is 


named VLGRI; the protein is still unknown (19,20). 


US type III 

Hearing: Patients affected with type HI have a congenital or 
early bilateral sensorineural hearing loss. It differs from type I 
in one important respect: The progression of hearing loss is 
rapid and results in acquired profound deafness at the age of 30 
to 40 years (21). 

Vision: The progression of RP can so far not be separated 
from the clinical picture found in type | and type II (21). 

Balance: The vestibular function is, in most cases, normal 
during childhood but might progress similar to the hearing 
loss (21). 

The prevalence of type III is low in the United States and 
in Europe except for Finland. In Finland, a founder effect is 
known and type III accounts for nearly 40% of all Finnish 
Usher affected (22). At present, one gene has been linked to 
chromosome 3q25. So far, nine mutations have been identified 
in US type III (23). 


Prevalence of US 

The prevalence of US in different parts of the world is not very 
well known. One large epidemiological prevalence study from 
Sweden has confirmed a prevalence rate of type I, 1.6/100,000, 
type II, 1.4/100,000, and type III, 0.3/100,000. These preva- 
lence figures are likely to be underestimates due to the late age 
at which US is diagnosed. The prevalence of type | is signifi- 
cantly higher in the northern parts of Sweden, which indicates 
a founder effect (24). Very few other studies are representative 
for a larger geographic area. 
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New and ongoing studies (2005) have indicated that there 
are genotype-phenotype correlations with differences between 
different types. The current genotype and phenotype knowl- 
edge of US will probably in the near future produce new 
insights and thus hopefully new possibilities for treatment and 
eventually cure. Treatment modalities could be antioxidants, 
growth hormone factors, or gene or stem cell therapy. 


Alstrém syndrome 


Alstrém syndrome is a rare autosomal recessively inherited dis- 
order, which affects many organs. Approximately 300 subjects 
are known today but many new cases are being added as the dis- 
order is better characterised. The disease was first described in 
1959 by the Swedish doctor Carl Henry Alstrém (25). It is 
characterised by multiple organ system involvements, with 
much heterogeneity. Features include RP, sensorineural hearing 
loss, cardiomyopathy, obesity, diabetes mellitus type 2, 
increased serum lipids, other endocrine disturbances, liver dys- 
function, pulmonary symptoms, and different developmental 
and behaviour disturbances. The disorder has different clinical 
appearances during childhood and young adulthood (26): 


Zero to two years: The first symptom is RP with early retinal 
pigmentary degeneration. This is first demonstrated by light 
sensitivity and nystagmus. A severe deterioration of cone 
function and later a progressive deterioration of rod func- 
tion are found. In Alstrém syndrome, the diagnosis of RP is 
usually made before the age of two years by electroretinog- 
raphy (ERG) and fundoscopy. During the first year of life, 
50% of children suffer from a cardiomyopathy, which can 
be misinterpreted as pulmonary infection. The cardiomy- 
opathy is severe and life threatening. 

Two to four years: The RP will progress with diminished 
darkness sensitivity and diminished vision fields. The child 
is clumsier than other children. Most children have a rapid 
growth, with childhood obesity in nearly all children. A 
rapid weight gain is usually observed even before two years 
of age. During these years, the child might have numerous 
upper airway infections as well as urinary infections. 

Four to six years: A continued rapid gain of weight and in 
many children elevated blood lipids. More than 50% develop 
diabetes type 2 during childhood. During these years, a pro- 
gressive hearing loss is apparent but sometimes the diagnosis 
is missed due to all the other organ dysfunctions. 

Six to twelve years: visual function is rapidly deteriorating 
and during age of 12 to 15 years, most children will be 
blind. As this age, other dysfunctions such as liver, kidney, 
heart problems, etc. can develop. 

Twelve to eighteen years: Nearly all are blind, and besides RP, 
most have also developed cataract. The hearing disorder is 
in some cases progressive from moderate to severe and at 
older ages, profound bilateral deafness. The cardiomyopa- 
thy might reappear; thus, regular monitoring of cardiac 
functions is vital. 


The heterogeneity in Alstrém syndrome is extensive. The 
author knows of five individuals who all are above 20 years of 
age. They are all blind, have a severe/profound progressive 
hearing loss; they all have diabetes, elevated lipids, and liver, 
kidney, and cardiac dysfunctions (unpublished observations). 
Very few persons with Alstrém syndrome are over 40 years of 
age. Developmental milestones are delayed in approximately 
50%. These can be fine motor skills, language delay, and 
autistic-spectrum behaviour abnormalities (27). 

One causative gene has so far been mapped to chromosome 
2p (28). The gene is ALMS1. This gene probably interacts with 
genetic modifiers, which could explain the large heterogeneity. 
A mouse model has been created. The findings from the mouse 
model suggest that ALMS1 has a role in intracellular trafficking 
(29,30). Since Alstrém syndrome is a very complex disorder 
affecting many organs and with a large heterogeneity, it is likely 
that other genes are also involved in this disorder. 


Norrie disease 


This disorder was first described by Gordon Norrie in 1933. It 
was, however, Mette Warburg, in 1961, who reported seven 
cases of a hereditary degenerative disease found in seven gener- 
ations in a Danish family, suggesting the name of the disorder. 
(31). Norrie disease belongs to the category of congenital deaf- 
blindness. The inheritance is X-linked. The symptoms of 
Norrie disease are variable and may include many organs. 

Hearing: A progressive hearing loss with variable progres- 
sion is found during early childhood. In most cases, profound 
deafness is found at the age of 30 years. The localisation of the 
hearing loss is in the cochlea (unpublished observations by the 
author). 

Vision: A congenital severe vision loss or congenital blind- 
ness is often present. The vision loss is due to several abnor- 
malities such as iris atrophy, retinopathy, pseudoglioma, and 
cataracts. 

Usually severe mental retardation and microcephaly are 
found and other dysfunctions can include cryptorchidism and 
hypogonadism (32). 

The gene (NDP) is located on chromosome Xp11.4 and has 
been cloned. Because of the small size of the Norrie gene, muta- 
tion detection in Norrie disease is particularly simple and fast 
(33). The protein product of the NDP gene is called norrin, and 
is a secreted protein. 


Mohr-Tranebjaerg syndrome 


The Mohr-Tranebjaerg syndrome is an X-linked recessive 
disorder. In 1960, Mohr and Mageroy described a family 
where four generations were affected with a progressive form of 
deafness. The family was Norwegian. Originally, it was reported 
as anonsyndromic X-linked recessive deafness. Tranebjaerg et al. 
in 1992 and 1995 did a reinvestigation and discovered several 
visual dysfunctions in the family. 


Vision: The visual loss is severe and includes myopia, 
decreased visual acuity, constricted visual fields, and abnormal 
electroretinograms. A severe retinal degeneration is found. 

Hearing: The hearing loss is progressive and will eventually 
be profound. A combination of cochlear loss and auditory 
neuropathy might be found (unpublished observations by the 
author). 

As well as the hearing and vision deficiencies described 
above, there are central nervous system disorders such as dystonia, 
spasticity, dysphagia, dysarthria, tremor, hyperreflexia, and mental 
deterioration. Behavioural and psychiatric abnormalities are also 
common. In addition to the Norwegian family, other families 
have been described. There seems to be a clinical heterogeneity; 
so far, the Norwegian family have had the most severe symptoms. 
In this family, mental deficiency and blindness as well as deafness 
were found in nearly all individuals (34). 

Linkage analysis located the causative gene to Xq22, close 
to agene found in X-linked Alport syndrome. In 1999, Wallace 
and Murdock found that the underlying defect is in the mito- 
chondrial oxidative phosphorylation chain (35). 


Wolfram syndrome 


Wolfram syndrome was first described in 1938 by Wolfram and 
Wagener, who described a family with juvenile diabetes melli- 
tus and optic atrophy (36). Wolfram syndrome is also named 
DIDMOAD (diabetes insipidus, diabetes mellitus, optic atro- 
phy, and deafness). The syndrome is autosomal recessive. The 
disorder is heterogeneous and many studies are based on case 
reports and family studies. 

Vision: Optic atrophy is the main feature of this disorder. 
The atrophy of the optic nerve can be visualised by fundoscopy 
and magnetic resonance imaging and imaging findings 
have revealed atrophy of the optic nerve, chiasma, and optic 
tracts. 

Hearing: The pattern of hearing loss is unusual, with low- 
frequency loss. The severity is variable from mild to profound. 
It has been demonstrated that patients with nonsyndromic, 
low-frequency hearing loss also might have mutations in the 
Wolframin gene-1 (37). 

Other neurological abnormalities that might be apparent 
include mental retardation. Imaging findings in Wolfram syn- 
drome have revealed atrophy of the optic nerve, chiasma, and 
tracts as well as atrophy of the brain stem and cerebellum. The 
diabetes could be both diabetes insipidus and diabetes mellitus 
where the onset usually is early (juvenile). 

Wolfram syndrome has so far been localised to two differ- 
ent genes (WFS1 and 2). WFS1 is localised to chromosome 4p. 
More than 120 mutations have been identified in WFS1; the 
most common mutation described is in exon 8 (38). The sec- 
ond type, WFS2, is also linked to chromosome 4p (39). Recent 
research has suggested that the Wolfram gene might be 
expressed in the canalicular reticulum, which is a special form 
of the endoplasmic reticulum in the inner ear. Thus, the 
Wolframin genes might play a role in inner ear homeostasis. 
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This might also explain the low-frequency hearing loss found, 
which shows similarities to Meniére’s syndrome. 


Refsum disease 


The disorder is named after Sigvard Refsum who in 1949 
described the visual and neurological symptoms (40). The clinical 
findings of Refsum disease are RP, chronic polyneuropathy, cere- 
bellar dysfunction, and hearing loss/deafness. Other symptoms 
described are ichthyosis and dysplasia of the skeleton. In 1963, 
Klenk and Kahlke discovered accumulation of fatty acids and phy- 
tanic acid. The probable cause is a diminished ability to degrade 
phytanic acid. The accumulation will cause degeneration in dif- 
ferent organs (41). It has been suggested that a diet free of chloro- 
phyll and other food that might contain phytol will reduce the 
amount of unresolved phytanic acid in the blood, and thus reduce 
the progression of symptoms or even make a clinical improve- 
ment. This has not yet been convincingly proven. 

Vision: The vision loss is RP of a mild type with late onset 
blindness. In-depth studies of RP in Refsum disease have so far 
not been performed. 

Hearing: The hearing loss is moderate to severe and down 
sloping; in many patients it is progressive. Recent findings have 
suggested that the localisation of the hearing loss is not in 
the inner ear but rather in the auditory nerve (auditory 
neuropathy) (42). 

Refsum disease is a heterogeneous disorder. One gene 
has been localised to chromosome 10p (43); however, recent 
studies have shown that many patients with Refsum disease do 
not have mutations in this gene. The prevalence of Refsum 
syndrome is so far unknown but the resemblance between 
Refsum and US might result in false diagnosis in some patients 
with Refsum syndrome, which will result in wrong treatment and 
rehabilitation. Thus testing for Refsum syndrome should always 
be made if a patient with RP and sensorineural hearing loss has 
other clinical symptoms such as polyneuritis, ichthyosis, etc. 

An early designation called “infantile Refsum disease” was 
used for a similar congenital, very severe deafblind disorder with 
high morbidity and early mortality. This disorder also has phy- 
tanic acid accumulation, but due to other causes. It is suggested 
that the designation “infantile Refsum” should be avoided (44). 


Summary 


“I went to the doctor and he told me that I would go deaf and 
blind. He does not know when, but it might be in the near 
future. Then the doctor abruptly left the room. No! Not my 
hearing, not my vision! It is not fair! How could God do this to 
me? Why wasn’t I told until 1 was grown up? Somebody help 
me!!!” 

The gradual loss of hearing and vision creates stress, anxi- 
ety, grief, and horror. Deafblindness should be described as a 
functional entity with the two major channels for communication 
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being hampered. The rapid progress of gene identification and 
cloning might in the near future lead to better medical and, 
hopefully, genetic treatment. The new discoveries of antioxi- 
dants and growth-hormone factors along with the increasing 
understanding of the physiology of vision and hearing will 
result in new treatment modalities. These new insights into 
genetics combined with more advanced diagnostic tools for 
assessment of vision and hearing will make early and correct 
diagnosis in most cases possible. Early diagnosis and prognosis 
will give better habilitation, rehabilitation, and treatment. 
Another important outcome of the new genetic discoveries 
are the possibilities of information to patients and family 
concerning aetiology, which in many cases will reduce fear and 
misunderstanding that will foster more realistic expectations 
and allow better rehabilitation, and, hopefully, in the future, 
treatment. 


2) Nonsyndromic hearing 


loss: cracking the 
cochlear code 


Introduction 


Hearing impairment (HI) is the most common sensory 
impairment, affecting 1/650 newborns (1). In approximately 
30% of the cases, a specific syndrome can be identified, with 
more than 400 syndromes claiming HI as a component. The 
remaining 70% of cases are nonsyndromic (2,3). Prelingual HI 
is caused by a mutation in a single gene (monogenic) in 60% of 
the cases, with an autosomal-dominant (20%), autosomal- 
recessive (80%), X-linked (1%), and mitochondrial (<1%) 
inheritance pattern. The most common type of nonsyndromic 
HI is postlingual and affects 10% of the population by age 60 
and 50% by age 80 (4). In most cases, this HI is due to an 
unfavourable interaction between genetic and environmental 
factors (multifactorial or complex disease). 

The genetic factors contributing to monogenic HI have 
long remained unknown. The human cochlea comprises about 
20,000 neurosensory hair cells that do not last a lifetime and do 
not regenerate when lost. Due to the low number of cells and 
their location in the temporal bone, which is hard to access, it 
is very difficult to obtain information about the function of hair 
cells through biochemical studies. Positional cloning of genes 
for genetic forms of deafness has contributed greatly to our 
understanding of the physiology of the inner ear. Soon after the 
identification of the first locus for hereditary hearing loss in 
1992 (5), many other gene localisations and identifications fol- 
lowed. It became clear that HI could be caused by many genes, 
which is in accordance with the structural complexity of the 
inner ear. Over the years, HI has become a paradigm for genetic 
heterogeneity. To date, more than 90 genes have been localised 
for nonsyndromic HI of which 40 genes have already been 
identified (6). 

The extraordinary progress in the identification of deafness 
genes has been helped greatly by the sequencing of the human 


and the mouse genomes and the improvement of gene annota- 
tion methods. Also, the combination of genetic research with 
physiological and morphological information is beginning to 
lead to an in-depth understanding of many complex physiolog- 
ical and pathophysiological mechanisms of the hearing process. 
However, the function of several genes is not yet elucidated and 
many genes for nonsyndromic HI remain to be identified. 

Nonsyndromic forms of hereditary deafness can be classified 
by their mode of inheritance. Chromosomal loci harbouring 
mutations that lead to nonsyndromic HI are named with DFNA, 
DENB, or DEN symbols. DFNA and DFNB symbols followed by 
a numerical suffix indicate that the mutant allele is segregating in 
an autosomal-dominant or -recessive way, respectively. Sex-linked 
nonsyndromic hearing loss is designated with a DFN symbol and 
a numerical suffix. The division between nonsyndromic and syn- 
dromic HI is, at times, not easy to define. In some syndromic 
forms, hearing loss is detected before the manifestations of other 
organ pathology. As a result, a child might be incompletely diag- 
nosed with nonsyndromic hearing loss. Additionally, several 
human genes can underlie both syndromic and nonsyndromic 
hearing loss. Possibly, these proteins have several functions, with 
specific and irreplaceable functions in the inner ear and a less crit- 
ical function in other tissues, which may only be compromised by 
certain mutations or under certain conditions. Mutations in GJB2 
cause mostly nonsyndromic HI, although some specific mutations 
cause additional skin abnormalities underlying — keratitis- 
ichthyosis-deafness (KID) syndrome, Vohwinkel syndrome, and 
palmoplantar keratoderma (7-9). Other examples are the gene 
WFS1, which, besides autosomal-dominant nonsyndromic HI, 
can also cause Wolfram syndrome and the SLC26A4 gene, which 
can be the cause of autosomal-recessive nonsyndromic HI as well 
as Pendred syndrome (10-13). Usher syndrome can be caused by 
mutations in CDH23, MYO7A, and USHIC, but these genes can 
also be the cause of nonsyndromic HI (14-19). 
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This review gives a state-of-the-art description of genes 
that cause nonsyndromic HI. A classification is made according 
their putative function. These categories include genes 
involved in the homeostasis of the cochlea, genes required for 
the morphogenesis of the hair-cell bundle, extracellular matrix 
components and transcription factors, and genes encoding pro- 
teins with an unknown function. Two additional categories 
include mitochondrial mutations and modifier genes. 


Genes involved in the 
homeostasis of the cochlea 


After the influx of K*, the inner and outer hair cells (OHCs) 
are required to remove the excess of K* ions. A possible recy- 
cling pathway for K’, through gap junctions and potassium 
channels (epithelial cell-gap junction pathway), has been pro- 
posed on the basis of physiological and morphological findings 
(Fig. 5.1) (21,22). Potassium ions are released basolaterally 
from the hair cells to the extracellular space of the organ of 
Corti by K* channels. This K* is taken up by the supporting 
cells and moves to the lower part of the spiral ligament through 
the epithelial-gap junction pathway. Subsequently, the ions 
enter the extracellular space of the spiral ligament and are then 
taken up by the fibrocytes (connective tissue-gap junction path- 
way). Finally, K” passes through this system towards the stria 
vascularis back into the endolymphatic sac (23). 


Connexins 


Gap junctions are channels that connect neighbouring cells and 
allow passive transfer of small molecules. They are made up of 


two hemi channels or connexons that sit in the cell membranes, 
and align and join to form a channel. Connexons consist of six 
proteins called connexins. These gap junctions are important 
for the electric and metabolic coupling of neighbouring cells. 
Connexins are expressed in many different tissues. 


Connexin 26 (GJB2) and connexin 30 (GJB6) 

Connexin 26 is encoded by the gap junction 82 (GJB2) gene, 
which is expressed in several tissues including the cochlea and 
skin (23). In the cochlea, GJB2 is expressed in the supporting 
cells, the spiral ligament, the spiral limbus, and the stria vascu- 
laris, most likely contributing to the recycling of K* ions (24). 
Recently, it has been shown that the intercellular transduction of 
the second messenger inositol triphosphate (IP;) by gap junctions 
in the inner ear is also essential for the perception of sound (25). 
The spreading of an IP;-mediated Ca’* signal would be essential 
to the propagation of Ca’* waves in cochlear-supporting cells. 

In many different populations, mutations in the GJB2 gene 
are the major cause of autosomal-recessive nonsyndromic hear- 
ing loss at the DFNB1 locus (26-29). However, some mutations 
are responsible for autosomal-dominant HI, although at a much 
lower frequency (30). Most of these dominant mutations in 
GJB2 cause a syndromic form of HI, with additional skin abnor- 
malities (keratodermas) that are clinically very heterogeneous 
(7-9,31,32). 

In many European populations, the most frequent mutation 
in the GJB2 gene is the 35delG mutation (26,28,33-35). This 
single base-pair deletion creates a frameshift very early in the 
gene, most likely causing complete disruption of expression. In 
non-European populations, the 35delG mutation is rare, but 
sometimes other frequent mutations are found. These include 
the 235delC mutation in Japanese and Koreans (36-38), the 
167delT in Ashkenazi Jews (39,40), and the R143W mutation 
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Figure 5.1 Location of the different components 
of the cochlea. The K* recycling pathway is 
indicated. Source: From Ref. 20. 
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in a village in eastern Ghana (41). For three of these (167delT, 
35delG, and 235delC), the mutation was shown to be derived 
from a common founder, which in the case of 35delG was esti- 
mated to be 10,000 years old (29,33,39). 

Because a general GJB2 knockout mouse is embryonically 
lethal (42), a tissue-specific GJB2 knockout was created using 
the LoxP-Cre system (43). In this way, GJB2 was disrupted only 
in the epithelial network of the cochlea, whereas GJB2 expres- 
sion in the connective tissue network of the cochlea as well as 
in all other organs stayed intact. This cochlear epithelial 
network-specific GJB2 knockout mouse had HI, without signs 
of vestibular dysfunction and skin abnormalities. 

Recently, two deletions near the GJB2 gene on 13q12 were 
detected (44, 44a). A novel 232-kb deletion involving the GJB6 
gene (connexin-30) in Spanish subjects with autosomal-reces- 
sive nonsyndromic hearing impairment (submitted 2004).] 
These mutations, called del(GJB6-D13S1830) and del(GJB6- 
D13S1854), leave the GJB2 coding region intact but delete a 
large region close to GJB2 and truncate another connexin 
(CX30, GJB6) located within 50 kb of GJB2. These deletions 
are frequently found in compound heterozygosity with a GJB2 
mutation. Coimmunostaining showed expression of CX26 
(GJB2) and CX30 (GJB6) in the same gap-junction plaques 
(45). The del(GJB6-D13S1830) mutation was the accompany- 
ing mutation in 50% of deaf GJB2 heterozygotes in Spain, 
whereas the del(GJB6-D13S1854) mutation accounts for 25% 
of the affected GJB2 heterozygotes, which remained unex- 
plained after screening of the GJB2 gene and the del(GJB6- 
D1351830) mutation in the Spanish patients. HI in patients 
with both deletions is assumed to be caused by the deletion of a 
putative GJB2 regulatory element or by digenic inheritance. 
However, pure digenic inheritance seems to be unlikely because 
compound heterozygosity with a GJB2 mutation has not been 
found for other GJB6 mutations. The HI in patients with 
del(GJB6-D13S1830) and del(GJB6-D13S1854) is more severe 
than HI in patients with other GJB2 mutations (46). This may 
be due to the inactivation of one allele of GJB6 by the deletion. 
If GJB6 can partly substitute for the function of GJB2 in the 
inner ear, as has been suggested (45), this substitution could be 
less efficient with only one GJB6 gene left, leading to more 
severe HI. Finally, there has been only one report of a missense 
mutation that can cause nonsyndromic hearing loss in GJB6, 
i.e., T5M (47). Other mutations in the GJB6 gene can cause 
the Clouston syndrome, an autosomal-dominant disorder char- 
acterised by changes in the epidermis and the appendages, 
including diffuse palmoplantar keratoderma, nail dystrophy, 
and sparse scalp and body hair (48). HI of variable degree is also 
observed in some Clouston cases. 

It is currently unknown why GJB2 mutations are a frequent 
cause of autosomal-recessive deafness in many ethnically 
diverse populations. Nevertheless, it is clear that GJB2 
mutations are a major cause of deafness in most of the popula- 
tions that have hitherto been studied. Generally, the most 
important genetic test for nonsyndromic HI is molecular 
screening of the GJB2 gene. A recent genotype—-phenotype 


correlation study for GJB2 mutations makes it possible that 
more accurate information about the probability of having a 
child with severe or profound HI can be given to couples who 
carry GJB2 mutations (46). 


Connexin 31 (GJB3) 

Another connexin that, when mutated, can cause hearing loss 
is Connexin 31, encoded by the GJB3 gene. This gene is 
localised within the DFNA2 region at chromosome 1p34, close 
to the KCNQ4 gene, which is also a deafness gene. GJB3 muta- 
tion analysis revealed mutations in only a few families with an 
autosomal-dominant or -recessive nonsyndromic HI (49,50). In 
the cochlea, its specific expression is restricted to the spiral lim- 
bus and spiral ligament. There is strong evidence that muta- 
tions in this gene can also cause erythrokeratoderma variabilis, 
an autosomal-dominant skin disorder, without HI (51). One 
specific dominant mutation D66H in the GJB3 gene can cause 
peripheral neuropathy and sensorineural HI (52). This amino 
acid residue at position 66 is highly conserved across species 
and most likely also plays a functionally important role in other 
connexins. In GJB2, D66H causes Vohwinkel syndrome (7), 
whereas 66delD in the GJB1 gene results in the peripheral neu- 
ropathy disorder X-linked Charcot-Marie-Toot disease (53). 
Remarkably, knockout mice with the GJB3 gene have no symp- 
toms of hearing loss. However, a reduced embryonic viability 
due to placental dysmorphogenesis has been detected (54). 


Claudin 14 (CLDN14) 


The major role in the paracellular pathway of inner ear K" recy- 
cling is played by the tight junctions, which seal neighbouring 
cells together to prevent leakage (55). Tight junctions are com- 
posed of at least three types of membrane-spanning proteins: 
occludin, different members of the claudin family, and junc- 
tion-adhesion molecules (56-58). Mutations in the CLDN14 
gene, a member of the claudin family, can cause profound con- 
genital recessive deafness in humans and in mice (59,60). 
Homozygous cldnl4 knockout mice have a normal endo- 
cochlear potential, but they are deaf due to the rapid degenera- 
tion of cochlear OHCs. This is followed by a slower 
degeneration of inner hair cells. CLDN14 is expressed in 
the sensory epithelium of the organ of Corti and is probably 
required as a cation-restrictive barrier to maintain the 
ionic composition of the fluid surrounding the basolateral sur- 


face of OHCs. 


Potassium channel, voltage gated, subfamily 
Q, member 4 (KCNQ4) 


This gene encodes a voltage-gated K-channel, KCNQ4, and is 
responsible for the most frequent form of autosomal-dominant 
nonsyndromic HI (DFNA2). KCNQ proteins have six 
transmembrane domains and although it has not been shown 
directly, four KCNQ subunits probably combine to form 
functional potassium channels. 
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KCNQ4 is expressed in both inner and OHCs of the 
cochlea and in auditory nuclei of the brainstem. It is probably 
involved in basolateral K* secretion of hair cells (61,62). As 
the K* channel is formed by a tetramer of KCNQ4 subunits, 
any given mutation with a dominant-negative effect can cause 
a severe reduction in K* channel activity. This is compatible 
with the autosomal-dominant inheritance pattern and com- 
plete penetrance of the progressive HI associated with KCNQ4 
mutations. 


Pendrin (SLC26A4) 


Pendred syndrome is inherited in an autosomal-recessive 
manner and is characterised by the association of congenital 
hearing loss with thyroid abnormalities (goitre). This thyroid 
defect can be demonstrated by the perchlorate test. Cochlear 
malformations are common in Pendred syndrome. All Pendred 
syndrome patients have enlarged vestibular aqueducts (EVA) 
and many have Mondini dysplasia (63). The gene responsi- 
ble for this syndrome is SLC26A4, which encodes the 
chloride—iodide transporter pendrin that is expressed in both 
the thyroid and the cochlea (11). Pendrin has a highly discrete 
expression pattern throughout the endolymphatic duct and sac, 
in the distinct areas of the utricule and the saccule, and in the 
external sulcus region (64). These regions are thought to be 
important for endolymphatic fluid resorption in the inner ear. 
Some mutations in the SLC26A4 gene can also cause nonsyn- 
dromic autosomal-recessive hearing loss with EVA but without 
any signs of goitre. For this reason, SLC26A4 mutation analysis 
is often performed in cases with nonsyndromic HI and EVA. 
However, no exact genotype-phenotype correlation can be 
made because of the intrafamilial variability and nonpene- 
trance of the thyroid phenotype. Remarkably, in many patients 
with nonsyndromic HI and EVA, only a single SLC26A4 muta- 
tion is found (65), suggesting common undetected mutations 
outside the coding region or a dominant effect in some cases. 


Genes involved in the structure and 
function of the hair cell 


Adhesion molecules 


Cadherin 23 and Protocadherin 15 belong to the cadherin 
superfamily, most members of which play a role in calcium- 
dependent cell-to-cell adhesion. Cadherin 23 is located at 
the tips of the bundles in hair cells and is proposed to be an 
essential component of tip links (Fig. 5.2) (67,68). Remarkably, 
missense mutations of CDH23 with presumed subtle functional 
defects of cadherin 23 are associated with nonsyndromic 
hearing loss (DFNB12), whereas Usher syndrome type 1D 
(USHID) is caused by mutant alleles of CDH23 with a more 
severe effect (69-71). Usher syndrome is characterised by 
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Figure 5.2 Schematised illustration of proteins that constitute adhesion 
complexes on the plasma membrane of stereocilia. Experimentally demonstrated 
interactions between myosin Vila, harmonin, cadherin 23, and SANS are shown 
as well as the interaction of myosin XVa with whirlin. Cadherins and 
protocadherins are linked to each other, thereby constituting the lateral links. 
The molecules with which Myosin XVa and Whirlin may interact at the tips of 
the stereocilia as well as those that interact with protocadherin 15 are not yet 
identified. Abbreviation: SANS, scaffold protein containing ankyrin repeats and 
SAM domain. Source: From Ref. 66. 


HI and retinitis pigmentosa and can be classified into three 
different types on the basis of clinical findings. To date, 11 
genes have been localised for different types of Usher syndrome, 
of which eight genes have already been identified. In the eye, 
cadherin 23 is thought to play a fundamental role in the organ- 
isation of synaptic junctions. Like CDH23, several other genes 
that are required in the morphogenesis of the hair bundle have 
also been detected in nonsyndromic HI. Protocadherin 15 is 
an important protein in the morphogenesis and cohesion of 
stereocilia bundles through long-term maintenance of lateral 
connections (lateral links) between stereocilia (72). Mutations 
in the PCDHI5 gene are responsible for the HI in families 
linked to DFNB23 and for the Usher syndrome in families 
linked to USHIF (73,74). The two mouse strains Waltzer and 
Ames Waltzer have been identified as having mutations in 
cdh23 and pcdh15, respectively. The phenotype of both mice 
is characterised by deafness, vestibular dysfunction, retinal 
dysfunction, and disorganised, splayed stereocilia in homozy- 
gous mice (70,75—77). 
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Scaffolding proteins 


USHIC encodes a PDZ domain-containing protein called 
harmonin, and mutations also cause both nonsyndromic HI and 
Usher syndrome in families linked to the DFNB18 and the 
USHIC loci, respectively (14,17). PDZ domain—containing 
proteins are central organisers of high-order supramolecular 
complexes located at specific emplacements in the plasma 
membrane. In the cochlea, harmonin is restricted to the hair 
cells, where it is present in the cell body and the stereocilia. 
Harmonin has been shown to interact with cadherin 23 and 
SANS to form macromolecular complexes (78-80). The latter 
protein SANS is also mutated in Usher syndrome (USH1IG) 
but not in nonsyndromic HI. An important regulator of the 
development of stereocilia is Whirlin, encoded by the gene 
WHRN. The protein is involved in the elongation and mainte- 
nance of stereocilia in hair cells (81). Mutations in the WHRN 
gene cause autosomal-recessive HI at the DFNB31 locus. The 
HI in the Whirler mouse mutant (wi) is caused by abnormally 
short but nearly normal organised stereocilia (81). 


Myosins: intracellular motors 


The myosin superfamily can be subdivided into 17 classes of 
unconventional and 1 class (class II) of conventional myosins. 
This conventional—unconventional dichotomy is artificial in 
terms of structure and evolution. However, it is operationally 
useful because of the historical emphasis on conventional 
myosins. In humans, 40 different myosin genes can be divided 
into 12 classes based on the relationships of their head-domain 
sequences and their tail structure (82). Class II consist of 15 
conventional genes, including the cluster of 6 skeletal-muscle 
myosin heavy chains on chromosome 17, 2 cardiac myosin 
heavy chains, a smooth-muscle myosin heavy chain, and 3 non- 
muscle myosin heavy chains (83). All other myosin classes con- 
sist of a total of 25 unconventional genes. Although the role of 
myosin in contraction and force production in muscles is well 
characterised, little is known about the specific functional roles 
of nonmuscle myosins. They are likely to participate in motil- 
ity, cytokinesis, phagocytosis, maintenance of cell shape, and 
particle trafficking. 

Three unconventional myosins have already been exten- 
sively studied: myosin VI (MYO6), myosin VIIa (MYO7A), and 
myosin XVa (MYO15A). Dominant and recessive mutations in 
the first two myosins can cause nonsyndromic HI (DFNA22/ 
DFNB37 and DFNA11/DFNB2, respectively) (16,19,84,85). In 
the MYOIS5A gene, only recessive mutations have been described 
in families linked to the DFNB3 locus (86). Additionally, 
mutations in the MYO7A gene have been described, which cause 
Usher syndrome (USH1B) (18). 

Myosin VI is localised at the base of the hair bundle within 
the cuticular plate (87). This structure is thought to provide 
mechanical stability to the apex of the hair cell. The mouse 
strain Snell’s Waltzer (sv) is deaf due to a mutation in the myo6 
gene that ablates all myosin VI protein in any tissue (88). The 


stereocilia of these mice are fused at their bases, indicating that 
myosin VI is required to anchor stereocilia rootlets (89,90). 

Myosin VIla binds at the lateral surface of the harmonin- 
cadherin 23-SANS macromolecular complexes and links them 
in this way to the actin filaments during hair-cell-bundle mat- 
uration. The mouse ortholog myo7a causes HI in the shaker-1 
mouse strain (sh1) (91). Interestingly, two types of hair-cell 
anomalies have been detected in this mouse mutant. In the 
most severely affected mutants, the hair bundle is disorganised, 
with clumps of stereocilia projecting outside instead of forming 
the highly ordered structure. In addition, the kinocilium has an 
erratic position, indicating a role of myosin Vlla in the polarity 
of the hair bundle (92). 

Myosin XVa is localised to the extreme tips of stereocilia, 
possibly anchored by integral membrane proteins (93). Inter- 
estingly, longer stereocilia have more myosin XVa at their tips 
compared to shorter stereocilia. Although not much is known 
about possible interactions, the PDZ domain—containing pro- 
tein, whirlin, is a good candidate for HI (Fig. 5.2). The reason 
for this is that the myosin XVa protein has a PDZ-ligand 
sequence and the mouse mutants (sh2 and wi) of both proteins 
share a similar phenotype. 

Other myosins have also been shown to cause HI, 
although not much is known about their biological role in the 
cochlea. Among the conventional nonmuscle myosins, myosin 
IX (MYH9) and myosin XIV (MYH14) have been shown to 
cause autosomal-dominant HI in families linked to DFNA17 
and DFNA4, respectively (94,95). The expression pattern 
differs between the two myosins. Myosin IX is localised specifi- 
cally in the OHCs, the spiral ligament, and the Reissner’s 
membrane, whereas myosin XIV is located in all cells of the 
scala media wall, except for Reissner’s membrane, with a 
relatively higher level in the organ of Corti and the stria vascu- 
laris (94,95). Interestingly, only one mutation in the MYH9 
gene has been found to cause nonsyndromic hearing loss, i.e., 
R705H. All other mutations cause a variety of syndromes, 
with a decreased number of blood platelets as a common 
symptom (96). 

Other unconventional myosins that can cause nonsyn- 
dromic HI are myosin HIJA (MYO3A) and myosin Ila (MYOIA) 
in families linked to DFNB30 and DFNA48, respectively 
(97,98). 


Genes involved in 
cytoskeletal formation 


The cytoskeleton regulates cell shape, transport, motility, and 
integrity. It consists of microfilaments, intermediate filaments, 
and microtubules. The most abundant microfilament protein in 
cells is actin. In most cells, B-actin is the predominant isoform, 
although y-actin, encoded by the ACTG1 gene, predominates 
in intestinal epithelial cells as well as in auditory hair cells, 
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where it is found in stereocilia, the cuticular plate, and 
the adherens junctions (99). Auditory hair cells are highly 
dependent on their actin cytoskeletons (100). Mutations in 
ACTGI are the basis for hearing loss in four families affected 
with nonsyndromic HI (DFNA20/26) (101). Actin nucleation 
is accelerated through the interaction of diaphanous with the 
actin filaments (102). Diaphanous (DIAPH1) belongs to the 
formin protein family. Mutations in DIAPH1 cause low- 
frequency HI in families linked to the DFNA1 locus (103). 
Another important structural element of the hair bundle of 
mammalian hair cells is espin, a calcium-insensitive, actin- 
bundling protein. A recessive mutation of the gene (ESPN) in 
the deaf jerker mouse (je) results in failure to accumulate 
detectable amounts of this protein in the hair bundle. This 
leads to shortening, loss of mechanical stiffness, and eventual 
disintegration of stereocilia (104). Remarkably, the amount of 
espin is proportional to the length of the stereocilium (105). In 
humans, recessive mutations of ESPN at the DFNB36 locus 
cause profound prelingual hearing loss and peripheral vestibular 
areflexia (106). 


Prestin (PRES) 


The most impressive property of OHCs in the cochlea is 
their ability to change their length in a voltage-dependent 
manner, contributing to the exquisite sensitivity and frequency- 
resolving capacity of the mammalian hearing organ (107,108). 
The contractility of their lateral cell membrane is an interesting 
mammalian cochlear specialisation that does not occur in inner 
hair cells. Prestin is a member of a gene family, solute carrier 
(SLC) family 26, which encodes anion transporters and related 
proteins. The lateral wall of OHCs has a high concentration 
of prestin, which is thought to be responsible for the electro- 
motility of OHCs (104). The importance of prestin in hearing 
is strengthened by the detection of a 5’-UTR splice-acceptor 
mutation (I[VS2-2A>G) in exon 3 in two unrelated families 
with recessive nonsyndromic deafness (109,109a). Addition- 
ally, the pres -/- knockout mouse model has a 40 to 60dB loss of 
cochlear sensitivity and their OHCs do not exhibit electro- 
motility in vitro (110). 


Extracellular matrix components 


Cochlin (COCH) 

The Coagulation Factor C Homology gene (COCH) encodes 
cochlin, a protein that is highly expressed in the cochlea (111). 
Cochlin comprises approximately 70% of all bovine inner ear 
proteins (112) and is expressed in fibrocytes of spiral limbus, spi- 
ral ligament, and fibrocytes of the connective tissue stroma 
underlying the sensory epithelium of the crista ampullaris in the 
semicircular canals (113). Sixteen different isoforms of cochlin 
can be classified into four groups according to their molecular 
weight: p63s, p44s, p40s, and CTP. Two isoforms, p63s and CTP, 
contain a specific limulus factor C, Coch-562 and LGL1 
(LCCL) domain that is the only region in which mutations 


have been found in autosomal-dominant nonsyndromic HI 
(DFNA9Y). Remarkably, DFNA9 patients also exhibit a variety 
of vestibular and Meniére-like symptoms (including instability 
in the dark, imbalance, positional vertigo, tinnitus, and aural 
fullness). A total of six different mutations have been found in 
the COCH gene, of which P51S is the most frequent. Already 
15 different families with the P51S mutation have been identi- 
fied, making it the most frequent mutation in this gene. This 
mutation has been shown to originate from a common founder 
from Belgium or The Netherlands (114). The exact pathogenic 
mechanism of the Cochlin mutations is unknown. 


Collagen XI a2 (COL11A2) 

Collagen fibrils provide structural elements of high tensile 
strength in extracellular matrices. According to their function, 
they can be grouped into fibril-forming collagens, fibril- 
associated collagens, sheet-forming collagens, and anchoring 
collagens. Interactions between collagen fibrils, other matrix 
components, and cells are likely to provide the basis for the 
precise three-dimensional patterns of fibril arrangement in 
tissues. In the tectorial membrane, the fibril-forming collagen, 
Xla2, is an important structural component. It was not only 
found to cause autosomal-dominant nonsyndromic HI at the 
DFNA13 locus but also Stickler syndrome (STL2) (115). 
Mutations in two other collagens, collagen Ilal (COL2A1) and 
collagen XIal (COLI1IAI), can also cause Stickler syndrome. 
Features of Stickler syndrome include progressive myopia, vit- 
reoretinal degeneration, premature joint degeneration with 
abnormal epiphyseal development, midface hypoplasia, irregu- 
larities of the vertebral bodies, cleft palate deformity, and vari- 
able sensorineural hearing loss. Remarkably, persons with 
Stickler syndrome due to COL11A2 mutations do not have 
visual dysfunction. This can be explained by the absence of 
collagen XIa2 in the vitreous, where it is replaced by Collagen 
V (116). Electron microscopy of the tectorial membrane of 
homozygous collla2 mice revealed loss of organisation of the 
collagen fibrils, which leads to moderate-to-severe hearing 
loss (115). 


Otoancorin (OTOA) and stereocilin (STRC) 


The attachment of inner ear acellular gels (tectorial membrane, 
otoconial membrane, and the cupula) to the apical surface of the 
underlying nonsensory cells is probably effected by otoancorin 
and stereocilin. These proteins share a significant similarity with 
900 C-terminal amino acids (117). Stereocilin is almost exclu- 
sively expressed in the inner hair cells (118), whereas otoan- 
corin is present on the apical surface of sensory epithelia and 
their overlying acellular gels (119). Based on the sequence sim- 
ilarity and expression pattern, it was suggested that stereocilin 
may have a comparable function to otoancorin, i.e., the attach- 
ment of the tectorial and otoconial membranes to sensory hair 
bundles at the level of hair cells. Mutations in STRC and 
OTOA cause nonsyndromic recessive HI at the DFNB16 and 
DFNB22 locus, respectively (118,119). 


Nonsyndromic hearing loss: cracking the cochlear code 69 


a-Tectorin (TECTA) 

The tectorial membrane is an important extracellular matrix 
component in the cochlea that lies on top of the stereocilia. 
Deflection of this membrane is induced by sound and results in 
the generation of a receptor potential. The tectorial membrane 
is composed of collagens and noncollagenous glycoproteins, 
of which a-tectorin and B-tectorin are the most important. 
a-tectorin, encoded by the TECTA gene, is proteolytically 
processed into three polypeptides that are connected to each 
other by disulfide bridges. These polypeptides interact with 
B-tectorin. Several dominant and recessive mutations have 
already been described in the TECTA gene, causing HI in 
families linked to DFNA8/12 and DFNB21 (120,121). It was 
suggested that dominant mutations exert a dominant-negative 
effect, thereby disrupting proper interaction between the 
different a-tectorin polypeptides (120). Recessive mutations 
are functionally null alleles. Half the normal amount of 
a-tectorin is probably enough to preserve the auditory function, 
thereby explaining the lack of symptoms in heterozygous carri- 
ers. Mice homozygous for a targeted deletion in a a-tectorin 
have moderate-to-severe hearing loss due to the detachment of 
the tectorial membrane from the organ of Corti (122). 


Transcription factors 


Eyes absent 4 (EYA4) 

The EYA gene family encodes a family of transcriptional 
activators that interact with other proteins in a conserved regu- 
latory hierarchy to ensure normal embryological development. 
Mutations in one member, EYA4, can cause autosomal-dominant 
HI in families linked to the DFNA10 locus (123). The protein 
product of EYA4 probably plays a developmental role in embryo- 
genesis and a survival role in the mature cochlea. Its exact role in 
the inner ear is not yet known. Interestingly, mutations in 
another EYA member, EYA1, can cause the Branchio-Oto-Renal 
syndrome, an autosomal-recessive disorder that is characterised 
by a variable combination of branchial arch abnormalities, HI, 
and renal abnormalities (124). 


POU genes 

Pit, Oct, and Unc DNA-binding domain (POU) genes are 
members of a family of transcription-factor genes involved in 
development and, in particular, in terminal differentiation of 
neural cells (125). Mutations in two different POU-domain 
transcription-factor genes, POU3F4 and POU4F3, are associ- 
ated with nonsyndromic hearing loss in families linked to 
DFN3 and DFNA15, respectively (126,127). The two genes are 
expressed in distinct cell types and at different time points. 
Mice that are deficient in the transcription factor pou3f4 have 
ultrastructurally abnormal fibrocytes and reduced endocochlear 
potential (128). POU3F4 is likely to be important for develop- 
ment of inner-ear mesenchyme, which gives rise to the fibro- 
cytes of the spiral ligament (129,130). By comparing inner ear 
gene expression profiles of the wild type and the pou4f3 mutant 
deidler mouse strain (ddl), a new gene, gfil (growth-factor 


independence 1) was identified as a likely target gene regulated 
by pou4f3 (131). Gfil is the first downstream target of a hair 
cell-specific transcription factor. The OHC degeneration in 
pou4f3 mutants is thus largely or perhaps entirely a result of the 
loss of expression of gfil. 


Transcription factor cellular promoter 2 (TFCP2L3) 
TFCP2L3 encodes a member of the transcription factor cellular 
promoter 2 (TFCP2) protein family that has a broad epithelial 
pattern of expression, including cells that line the developing 
cochlear duct. It shows homology to the Drosophila gene grainy- 
head and causes autosomal-dominant HI in families linked to 
the DFNA28 locus (132). 


Genes with atypical or poorly 
understood function 


The function of several deafness genes is currently not well 
known. No exact physiological role of these genes is known 
and, therefore, it is not possible to classify these genes in the 
previously described categories. 


DFNAS (DFNAS5) 


DFNA5 was first localised in a single, large, Dutch kindred— 
segregating autosomal-dominant progressive hearing loss (133). 
The phenotype cosegregated with an insertion/deletion in the 
seventh intron of a gene of unknown function that was named 
DFNAS (134). Later on, mutations were found in two other 
families (135,136). Although these mutations are different 
at the genomic DNA level, they all lead to skipping of exon 8 at 
the mRNA level. It is hypothesised that the HI associated 
with DFNAS is caused by a gain-of-function mutation and 
that mutant DFNA5 has a deleterious new function (137). 
Morpholino antisense knockdown of DFNA5 function in 
zebrafish leads to disorganisation of the developing semicircular 
canal and reduction of pharyngeal cartilage. In DFNA5 mor- 
phants, expression of ugdh is absent in the developing ear and 
pharyngeal arches. Additionally, hyaluronic-acid (HA) levels 
are strongly reduced in the outgrowing protrusions of the 
developing semicircular canals (138). HA probably serves as a 
friction-reducing lubricant and molecular filter in the develop- 
ing inner ear (139). It was proposed that a reduction of HA can 
lead to mechanical stress on hair cells and that this may lead to 
progressive HI (138). 


Otoferlin (OTOF) 


OTOF is a novel member of a mammalian gene family related 
to the Caenorhabditis elegans spermatogenesis factor fer-1. 
OTOF is expressed exclusively in adult hair cells (140). Several 
mutations have been found to cause hearing loss in families 
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linked to the recessive DFNB9 locus (141,142). A founder 
mutation in this gene (Q829X) is a common cause of prelingual 
hearing loss in Spanish individuals who are not deaf due to 
GJB2 mutations (142). Interestingly, OTOF mutations are 
associated with a nonsyndromic, autosomal-recessive auditory 
neuropathy (143). Auditory neuropathy is a type of HI that pre- 
serves otoacoustic emissions and is not a known feature of any 
other autosomal-recessive phenotype. Therefore, genetic analy- 
sis of otoferlin may be indicated in cases of auditory neuropathy 
of presumed autosomal-recessive inheritance. However, 
another family with progressive, autosomal-dominant auditory 
neuropathy is reported by Kim et al. (144), and it maps to chro- 
mosome 13q14-21. 


Transmembrane channel 1 (TMC1) 


Mutations in this transmembrane channel-like gene are known 
to cause an autosomal-recessive hearing loss as well as autosomal- 
dominant hearing loss located at DFNB7/11 and DFNA36, 
respectively (145,146). TMC1 is predicted to encode a multipass 
transmembrane protein with no similarity to proteins of known 
function that is expressed in the hair cells of the postnatal mouse 
cochlea. TMC1 mutations were also identified in the autosomal- 
recessive deafness (dn) and autosomal-dominant Beethoven 
(Bth) mouse mutant strains segregating postnatal hair-cell degen- 
eration (146,147). This indicates that TMC] is required for post- 
natal hair-cell development or maintenance, although its exact 
function is not known. 


Transmembrane inner ear (TMIE) 


Mutations in the TMIE gene are a cause of vestibular and audi- 
ological dysfunction in the spinner (sr) mouse model. The post- 
natal morphological defects of the stereocilia in this mouse 
model suggest a role for this gene in the correct development 
and maintenance of stereocilia bundles (148). TMIE is 
expressed in many tissues and has no similarity to other known 
proteins (148). In humans, this gene is mutated in several con- 
sanguineous families that are linked to the autosomal-recessive 


DENB6 locus (106). 


Transmembrane serine protease 3 (TMPRSS3) 


Type I transmembrane serine proteases (TTSPs) represent an 
emerging class of cell-surface proteolytic enzymes. Most TTSPs 
have been identified relatively recently and have not yet been 
functionally characterised. TMPRSS3 is the only protease that 
has so far been identified as a causative gene for HI] (DFNB8/10) 
(149). It is expressed in the supporting cells, the stria vascularis, 
and the spiral ganglion (150). Although the specific role of 
TMPRSS3 in the development and maintenance of the cochlea 
is still unknown, it is reported that deafness-causing mutations 
in this gene disrupt the proteolytic activity of the protein (151). 
This will probably affect the amiloride-sensitive sodium channel 
(ENaC) because this could be a substrate of TMPRSS3 in the 


inner ear (150). This sodium channel may have a role in the 
maintenance of the low sodium concentration of endolymph. 


Wolframin (WFS1) 


WFS1 encodes a glycoprotein (wolframin), predominantly 
localised in the endoplasmic reticulum. In the cochlea, wol- 
framin is mainly located in cells lining the scala media, in 
vestibular hair cells, and in spiral ganglion cells (152). Muta- 
tions in WFSI cause the autosomal-recessive Wolfram syn- 
drome and autosomal-dominant, low-frequency sensorineural 
HI DFNA6/14 (10,12,153,154). Wolfram syndrome is charac- 
terised by diabetes mellitus and optic atrophy, and, in most 
cases, by additional symptoms including diabetes insipidus, 
deafness, and urinary tract atony (155). Although not much is 
known about the exact function of wolframin, the gene 
has important diagnostic applications. Interestingly, only noni- 
nactivating WFS1 mutations that are mainly located in the 
C-terminal region cause nonsyndromic HI, whereas the major- 
ity of mutations in Wolfram syndrome are inactivating (156). 
This suggests that a loss of function of WFSI is the cause of 
Wolfram syndrome. Homozygous wfsl knockout mice devel- 
oped glucose intolerance due to insufficient insulin secretion 
and a subsequent progressive $-cell loss. The severity of the dia- 
betic phenotype was dependent on the mouse background. The 
defective insulin secretion is accompanied by reduced cellular 
calcium responses (157). The auditory function of the knock- 
out mice has not yet been studied. 


Mitochondrial HI 


The mtDNA molecule encodes 13 protein-coding genes as well 
as 2 tRNAs and 22 tRNAs, which are required for assembling a 
functional mitochondrial protein-synthesizing system. A cell 
contains several of these mitochondrial genomes. When 
patients with a mitochondrial disease carry the mutation in 
every mtDNA molecule, it is called homoplasmic. When a 
mixed population of normal and mutant genomes is present, 
the mutation is heteroplasmic. Heterogeneous tissue distribu- 
tion might therefore cause large phenotypic variability in 
patients with heteroplasmic mutations. 

mtDNA mutations are usually heteroplasmic, and most of 
them cause multisystem syndromes. Syndromic HI due to het- 
eroplasmic mitochondrial mutations mostly has additional neu- 
romuscular abnormalities (158). However, also nonsyndromic 
HI can be caused by mitochondrial mutations. The homoplas- 
mic 1555A>G mutation in the mitochondrial MTRNRI gene 
that encodes the 12S rRNA was the first detected in nonsyn- 
dromic HI (Table 5.1) (159). Although in many pedigrees and 
individual patients with this 1555A >G mutation the hearing 
loss occurred after aminoglycoside exposure (175-177), a sig- 
nificant number of pedigrees were described with HI without 
aminoglycoside exposure (178,160). In contrast, with the 
normal 12S rRNA, the mutated form has a high affinity to 
aminoglycosides (179). Additionally, aminoglycosides clearly 
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Table 5.1 Mitochondrial mutations involved in maternally inherited hearing impairment 


Nonsyndromic HI gene Mutation Presence of additional symptoms References 
12SrRNA 1555A>G Aminoglycoside induced/worsened 159-161 
1494C>T Aminoglycoside induced/worsened 162 
961 (diff. mut.) Aminoglycoside induced/worsened 163,164 
ena 7445A>G Palmoplantar keratoderma 165-167 
7472insC Neurological dysfunction 168-171 
75101>C None 172 
7511T?C None 173,174 


affect the protein synthesis of cells with mutated 12S rRNA 
(180). The phenotype of patients with the 1555A>G muta- 
tion ranges from profound congenital deafness, through pro- 
gressive moderate hearing loss to completely normal hearing. 
This phenotypic variability is influenced by putative modifier 
genes of which already two have been identified. The first is the 
highly conserved mitochondrial protein encoded by the nuclear 
MTOI gene. It is involved in tRNA modification and may reg- 
ulate the translational efficiency and accuracy of codon—anti- 
codon base pairing on the coding region of ribosomes. It can 
contribute to the phenotypic variability of the 1555A>G 
mutation by suppressing the phenotypic manifestation of the 
1555A>G mutation. The second gene encodes the mitochon- 
drial transcription factor TFBIM (181). This methylates ade- 
nine residues in the adjacent loop of the 1555A>G mutation 
in the MTRNRI1 gene and its function is described as mito- 
chondrial maintenance (181,182). Two other mutations in the 
MTRNRI gene have been reported, both of which confer 
susceptibility to aminoglycoside-induced ototoxicity (961delT 
and 1494C>T). 

In another gene, MTTS1, which encodes the mitochondrial 
tRNA"? four mutations have been detected that cause non- 
syndromic hearing loss (Table 5.1). Both the 7445A>G and the 
7472insC mutations have been found in families with syndromic 
and nonsyndromic hearing loss. Additional symptoms can be 
palmoplantar keratoderma for the 7445A>G mutations and 
neurological dysfunction (ataxia and myoclonus) for the 
7472insC mutation. To date, it is not fully understood how the 
defective tRNA™" and 12S rRNA can lead to hearing loss. 


Modifier genes for HI 


Phenotypic variation has been observed within both hearing- 
impaired families and individual patients carrying the same 
mutations. This variation can be attributed to either environ- 
mental or genetic factors. By interacting in the same or a paral- 
lel biological pathway as a disease gene, modifier genes can 
affect the phenotypic outcome of a given genotype. 


In a family linked to DFNB26, several patients homozygous 
for the disease haplotype do not have HI. Instead, they all have 
a shared haplotype at the DFNM1 modifier locus at chromo- 
some 1q24 (183). This suggests a modifier gene at the DFNM1 
locus that can rescue the loss of hearing due to the pathogenic 
DFNB26 allele. The map location of DFNM1 was within the 
DFNA7 interval, suggesting that the DFNM1-suppressor phe- 
notype and the DFNA7 hearing loss may be phenotypic vari- 
ants of the same gene. To date, the responsible gene in both 
intervals has not yet been identified. 

Most other identified modifier genes have a more subtle 
effect, affecting the age of onset, the degree of severity, or the 
rate of disease progression. Two examples of modifier genes 
detected in humans are MTO! and TFBIM. These genes can 
cause variability in mitochondrial deafness and were described 
in the previous section. 

Several mouse models have already been used for detecting 
factors that modify the degree of hearing loss. The genetic 
diversity between inbred mouse strains makes them a valuable 
tool for studying the interaction of these factors. The 
CDH23””* allele modifies the degree of hearing loss in the deaf- 
waddler mouse, which is caused by a mutation in the pmca2 
gene, a plasma membrane calcium pump located at chromo- 
some 6 (184). This calcium pump helps to maintain low cytoso- 
lic Ca’* by pumping Ca’” out of the cell. To cause the 
early-onset hearing loss in mdfw mice, a combination of 
homozygosity of the cdh23””” allele must coexist with haploin- 
sufficiency of pmca2. Interestingly, the CDH23” allele also 
contributes to the susceptibility for age-related hearing loss in 
mice (185,186). 


Diagnostic applications 


To date, more than 100 loci for nonsyndromic hearing loss have 
been detected, and the responsible gene has been identified for 
40 of them. Although this indeed represents a formidable result, 
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Table 5.2 Genetic testing for nonsyndromic hearing impairment’ 


Late-onset (>30 yr) progressive HI and simultaneous 


Gene Inheritance Clinical indications 
COCH AD 

vestibular dysfunction 
OTOF AR Auditory neuropathy, congenital 
SLC26A4 AR Enlarged vestibular aqueduct, congenital 
MTRNR1(12S rRNA) M Aminoglycoside-induced HI 
WFS1 AD Low-frequency HI, early onset 


*On the basis of specific clinical indications, routinely available in some laboratories. In the absence of specific indications, 
GJB2 (Cx26) testing is routinely carried out (for autosomal-recessive inheritance) in many laboratories. 
Abbreviations: AD, autosomal dominant; AR, autosomal recessive; HI, hearing impairment; M, mitochondrial. 


many more genes need to be discovered and many more loci 
probably remain unidentified. Unfortunately, this large increase 
in knowledge has not led to widespread diagnostic applications, 
as has been the case for many other hereditary diseases. The 
most important obstacle is the extreme genetic heterogeneity. 
Nonsyndromic HI gives few clinical characteristics that can be 
used to subclassify patients. Moreover, the few characteristics 
that are available are often poor indicators of the involvement 
of specific genes because for most genes, there is a significant 
clinical variability. A few exceptions exist and in some situa- 
tions a clue for a possible culprit gene can be obtained from 
clinical data (Table 5.2). However, these exceptions only apply 
to a small percentage of patients with putative genetic HI. This 
has led to the unfortunate situation that currently a large gap 
exists between scientific achievements for deafness genes and 
diagnostic applications that result from it. With increasingly 
more deafness genes being found in a small number of patients, 
this gap widens as research progresses. 

Despite these problems, there is one gene that has found 
widespread diagnostic applications. This gene is GJB2, and in 
several ways, it is an excellent gene for DNA diagnostics. 
Firstly, it is responsible for a large fraction of deafness patients 
in some populations, with up to 50% of patients having genetic 
deafness in Mediterranean countries. A second major advan- 
tage of the gene is its very small size, which makes genetic 
analysis affordable. However, for patients without GJB2 muta- 
tions or for populations with a low incidence of GJB2 muta- 
tions, the genetic causes are distributed over dozens of genes, 
some of which are very large in size and hence expensive to 
analyse. Screening all known deafness genes for mutations 
would be extremely expensive with current technology, pro- 
hibiting the diagnostic use of this procedure. 

A promising technique for future diagnostics may be the use 
of DNA microarrays (also called DNA chips). Microarrays offer 
the possibility of performing a large number of genetic tests in 
parallel in a single experiment. This can either be the analysis of 
many known mutations or be the complete mutation analysis of 


one or more genes. Initiatives to use microarrays for DNA diag- 
nostics in the deafness field are emerging. One initiative will use 
arrays to analyse all currently known mutations for Usher 
syndrome (H. Kremer, personal communication). As Usher syn- 
drome is genetically heterogeneous, with mutations spread over 
several very large genes, traditional analysis is not cost effective, 
and DNA microarrays may yield a cost-effective alternative. A 
second initiative will use a DNA microarray for the complete 
mutation analysis of eight genes causing autosomal-recessive 
deafness (H. Rehm, personal communication). This method has 
the advantage that also currently unknown mutations can be 
detected, the disadvantage being that only a limited set of genes 
is included. However, this limitation is mainly based on the 
technological limitations of the array. Using several arrays, or 
using future more-dense arrays, the simultaneous analysis of 
many more genes may become a reality. 


Conclusions 


Over the last decade, tremendous progress has been achieved in 
the identification of deafness genes. As a result, our understand- 
ing of the complex mechanism of hearing has increased enor- 
mously. It is to be expected that mapping and identification of 
new genes will continue for years to come, with a further grow- 
ing insight in to the molecular biology of hearing. Promising 
results have recently been reported about phenotypic variability 
in hearing loss caused by modifier genes. The identification and 
characterisation of these modifiers will definitely be a new chal- 
lenge for deafness research. Despite the escalating number of 
genes implicated in hearing loss, only a minority of them have 
routinely available diagnostic tests (Table 5.2). Therefore, a 
promising technique for future diagnostics will be the use of 
robust and cost-effective DNA microarrays. Hopefully, this will 
help in reducing the increasing gap between scientific research 
and diagnostic applications for hearing loss. 


Age-related hearing 
impairment: ensemble 
playing of 


environmental and 
genetic factors 


Introduction 


The next 50 years will witness a significant increase in ageing in 
the European Union, the United States, and Japan, with the 
number of people aged 65 and above growing significantly. The 
most common sensory impairment among the elderly is age- 
related hearing impairment (ARHI), also called presbyacusis. In 
its most typical presentation, ARHI is mid to late adult-onset, 
progressive, bilaterally symmetrical, sensorineural, and most 
pronounced in the high frequencies, leading to a moderately 
sloping pure tone audiogram. Thirty-seven percent of people 
aged between 61 and 70 have a significant hearing loss of at least 
25 dB (1). This prevalence increases further at older ages. Sixty 
percent of 71- to 80-year-olds are affected by ARHI (1). Consid- 
ering the ageing of the population in large parts of the Northern 
hemisphere, the number of people affected by ARHI will steadily 
increase in the future. 

ARHI patients often experience difficulty adjusting to their 
sensory loss. In addition, hearing loss may have a major 
influence on their quality of life and their feeling of well-being. 
Hearing impairment has a deleterious impact on social 
life; reduced communication skills frequently result in poor 
psychosocial functioning and consequently in isolation of the 
ageing individual. In addition, ARHI grossly limits indepen- 
dence and may contribute to depression, anxiety, lethargy, and 
possibly cognitive decline (2). 


Currently, hearing aids are the only possibility for therapeu- 
tic intervention in ARHI. Unfortunately, these are only suitable 
for a limited number of people. Although hearing aids succeed in 
sufficient amplification of sound, the gain in speech recognition 
is often experienced as poor, especially in noisy environments. In 
addition, many do not accept hearing aids because of social stig- 
matisation. Future therapies for hearing impairment will have to 
rely on basic rather than on symptomatic approaches. This 
requires a thorough knowledge of the aetiological factors leading 
to ARHI. Up to now, little research has been performed on 
ARHI. This is, at least partly, due to the misconception that 
hearing impairment is an inevitable burden of ageing, rather than 
a potentially preventable or even curable disease. This chapter 
will give an overview of the current status of knowledge on 
ARHI and will outline future research aiming at the identifica- 
tion of the genetic risk factors involved in ARHI. 


Epidemiology 


ARHI is the most frequent sensory disability of the elderly. 
Between the ages of 61 and 70, the prevalence of clinically sig- 
nificant hearing loss (25 dB and over) for the general British 
population was approximately 37%, increasing to 60% between 
the ages of 71 and 80 (pure tone thresholds averaged for 0.5, 1, 
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2, and 4kHz in the better ear) (1). These figures are compara- 
ble with those obtained in a U.S. population-based cross- 
sectional study—the Beaver Dam Epidemiology of Hearing Loss 
Study in Wisconsin. The latter study revealed prevalence fig- 
ures of 44% for the age range 60 to 69 years and 66% for the 70 
to 79 age range (pure tone thresholds averaged for 0.5, 1, 2, and 
4kHz in the worse ear) (3). The same population was investi- 
gated five years later. Twenty-one percent of subjects with nor- 
mal hearing abilities during the first investigation showed a 
significant hearing loss in the follow-up examination, indicat- 
ing that older adults (between 48 and 92 years) have a high risk 
of developing ARHI (4). 

The prevalence of ARHI is gender related, in general, men 
being more severely affected (1,3). Using data from the extended 
Baltimore Longitudinal Study of Ageing, it was concluded that 
hearing thresholds increase more than twice as fast in men as in 
women for all ages and frequencies, that the age of onset is later 
in women than in men, and that men hear better than women at 
lower frequencies, while women hear better than men at fre- 
quencies above 1000 Hz (5). Interestingly, gender-related differ- 
ences were also detected in mouse models for age-related hearing 
loss (AHL). In CBA mice, a model for late-onset AHL, distor- 
tion product otoacoustic emissions (DPOAEs) decreased in 
middle-aged and old males, while in females, the decline in outer 
hair cell (OHC) function was only initiated at older, post- 
menopausal ages (6). Another study confirmed the younger age 
of onset for male hearing loss in CBA mice, while in a model for 
early-onset hearing loss (C57BL/6]), it was found that females 
tend to lose their hearing capabilities earlier than males (7). 

On average, ARHI thresholds increase approximately 1 dB 
per year for individuals aged 60 and over (8). However, ARHI 
shows extensive variation; the age at onset, the progression, and 
the severity of the hearing loss vary considerably among the 
elderly. The International Organisation for Standardisation 
(ISO) 7029 standard perfectly illustrates this variation (9). These 
norms were recorded by the ISO in 1984 and represent the 
median thresholds for otologically normal persons and the spread 
around this median, for each age and each frequency, both in 
men and in women (9). The largest spread is found at high fre- 
quencies and at older ages. For instance, at 60 years of age, the 
best hearing 10% of the population display high frequency 
thresholds better than 10 dB, while the worst hearing 10% suffer 
from a hearing loss of 55 to 75dB at the high frequencies (9). 
This significant variation was seen as an indication of the 
involvement of hereditary factors in the development of ARHI. 


Age-related pathological changes in 
the inner ear 


Based on correlations between audiometric data and histological 
findings, Schuknecht proposed a classification scheme of human 
ARHI (10). Schuknecht’s framework involves three cochlear 


components: the afferent neurons, the organ of Corti, and the 


stria vascularis, which can all degenerate independently. In “sen- 
sory” ARHI, the primary degeneration involves the organ of 
Corti, while in “strial” ARHI and in “neural” ARHI, the stria 
vascularis and the spiral ganglion, respectively, are the major 
affected structures (10,11). According to Schuknecht, audio- 
metric or speech discrimination data may reflect degeneration of 
only one of the three structures. A fourth hypothetical category, 
“cochlear-conductive” ARHI, comprises a gradually decreasing, 
linear audiometric pattern without pathological correlate. 
Schuknecht speculated that this type of hearing loss is caused by 
alterations in the physical characteristics of the cochlear duct 
(10,11). The most common type is sensory ARHI with predom- 
inantly high-frequency hearing loss. Less common is the “meta- 
bolic” or strial type of ARHI, which is characterised by an 
audiogram that is flat across the low frequencies with variable 
degrees of high-frequency hearing loss. A combination of 
pathologies affecting many cell types (“mixed” ARHI) is often 
found. In addition, 25% of all cases cannot be classified accord- 
ing to Schuknecht’s scheme. These cases are designated as 
“indeterminate” ARHI (10,11). 

In humans, preferential loss of OHCs was observed, most 
prominent in the first half of the basal turn (12,13). This corre- 
lates tonotopically with the high-frequency hearing loss present 
in sensory ARHI. In another study, human temporal bones of 
seven individuals with sensory ARHI were investigated. 
Approximately 80% of the OHCs, mainly in the apical parts of 
the cochlea, were lost. Apart from the expected reduction in 
hair cells, the most significant change in the cochlea was an age- 
related loss of nerve fibres. The latter had most probably 
occurred secondary to the hair cell loss (14). Using electron 
microscopy, further ultrastructural changes were detected in 
these specimens, including changes in the cuticular plate, the 
stereocilia, the pillar cells, the stria vascularis, and the spiral lig- 
ament (15). Finally, in a study on human temporal bones 
selected for their typical strial type of audiometry (i.e., flat), only 
one out of six had significant atrophy of the stria vascularis. The 
most prominent changes in these specimens were OHC loss in 
combination with inner hair cell (IHC) or spiral ganglion cell 
(SGC) loss (16). Pathologic changes in the inner ear as a direct 
function of age remain, therefore, controversial (17). 

Correlations between audiometric data and inner ear 
pathology are difficult to obtain in humans. Mouse ARHI mod- 
els can help to validate the classification scheme proposed 
by Schuknecht and clarify the underlying cellular changes. 
Table 6.1 gives an overview of some recent findings in the inner 
ear of C57BL/6] inbred mice, the early-onset model for AHL. 

The most prominent changes in this mouse model were OHC 
and SGC loss in addition to atrophy of the stria vascularis, lead- 
ing to a mixed type of AHL. Only a few data exist for other inbred 
strains. In contrast to the early start of hair cell loss in C57BL/6] 
mice (one to two months of age), mice of the CBA/Ca strain, the 
model for late-onset AHL, show relatively little hair cell loss until 
late in life (18). In the senescence-accelerated mouse (SAMP1), 
loss of IHCs and OHCs and atrophy of the stria vascularis were 
demonstrated. Areas of degeneration were concentrated in the 
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apex and the base (25). In CD-1 mice, the changes were similar 
to those observed in C57BL/6J mice (26). In BALB/c] mice, AHL 
seemed to be best correlated with changes in the supporting cells 
of the basal half of the cochlea and with alterations in the spiral 
limbus in the apical part of the cochlea (27). Finally, in the 
129S6/sV strain, high-frequency hearing loss seemed to correlate 
with basal loss of OHCs and type IV fibrocytes of the spiral liga- 
ment and with alterations in the supporting cells at the cochlear 
base (28). In addition, apical neuronal loss was accompanied by 
abnormalities in pillar cells and the Reissner’s membrane and loss 
of fibrocytes in the spiral limbus at the apical cochlear turn (28). 
Other animals that have been studied include the monkey, rat, 
rabbit, gerbil, dog, and guinea pig. For instance, in house dog 
cochleas, loss of SGCs, atrophy of the organ of Corti and the stria 
vascularis, and thickening of the basilar membrane were observed. 
The changes were most prominent at the base of the cochlea. The 
advantage of studying house dogs instead of laboratory animals is 
that they have been kept in a similar environment as humans 


(29). 


Central auditory dysfunction— 
auditory neuropathy 


In the ageing population, speech discrimination scores often 
decrease without a parallel loss in pure tone thresholds (30-32). 
This indicates that in addition to peripheral pathology, 


degenerative changes in the central auditory pathway are 
involved in the development of ARHI. In the Framingham 
cohort, a relation between auditory and cognitive dysfunction 
was observed. Moreover, aberrant test results for central audi- 
tory function could predict the onset of senile dementia (33). 
In the C57BL/6) mouse model, a disruption of the central rep- 
resentation of frequency (i.e., the tonotopic organisation) was 
observed (34). In addition, it was shown that many normally 
responding neurons survive alongside slowly responding neu- 
rons in older mice, indicating that wastage of individual neu- 
rons and not a general decline seems to accompany the ageing 
process (34). Finally, an increase in the spontaneous activity of 
inferior colliculus neurons in older animals might suggest a 
change in the physiological signal-to-noise ratio, contributing 
to presbyacusis as well as tinnitus (34). More recently, addi- 
tional studies gathered different types of evidence of the role of 
the central auditory pathway in presbyacusis. The contralateral 
suppression of DPOAEs was tested in humans and in CBA 
mice. Contralateral suppression is the phenomenon that white 
noise stimulation of one ear typically reduces the magnitude of 
the DPOAEs measured in the opposite ear. This contralateral 
suppression is due to activation of the medial olivocochlear sys- 
tem, which, in turn, inhibits the cochlear OHCs. Both DPOAE 
levels and contralateral inhibition decreased with age in 
humans as well as in mice. Moreover, the decline in contralat- 
eral inhibition preceded the decline in DPOAE levels, indicat- 
ing that a functional decline of the medial olivocochlear system 
with age precedes OHC degeneration (35,36). 


Table 6.1 Age-related changes in the inner ear of the C57BL/6J mouse model for early-onset age-related hearing loss 


Cell type or structure Age-related effect References 

OHC Preferential loss of OHCs 18, 19 
Base-to-apex gradient of OHC loss 18, 19-22 
Regionalised patterns of OHC loss 
correlated with changes in hearing thresholds 21 

IHC Less affected than OHCs 19, 20 

SGC Loss of SGCs; retrograde degeneration 710), 22, 23 

Stria vascularis Atrophy 23 

Organ of Corti Disorganisation 23 

Spiral ligament Degeneration of type IV fibrocytes 22 
Reduced density of Cx26 staining 23 
Na-K-ATPase immunolabelling increased 23 

Spiral limbus Changes in the apical part of the cochlea 24 

Pillar cells Apical-to-basal progression of pathology 24 

Reissner's membrane Apical-to-basal progression of pathology 24 


Abbreviations: |HC, inner hair cell; OHC, outer hair cell; SGC, spiral ganglion cell. 
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Heritability of ARHI 


Heritability in human subjects 


The spectrum of human diseases forms a continuum between 
purely genetic and purely environmental conditions. Nearly all 
frequent diseases that are important for public health such as 
diabetes, heart disease, and cancer are complex in aetiology, 
involving the interaction of several genes and environmental 
factors. The relative importance of the genetic and the envi- 
ronmental factors in the aetiology of the disease is often 
expressed as the heritability of a disease. The hypothesis that 
ARHI has a genetic basis has been put forward for many years 
in many publications, but the scientific basis for this claim has 
only recently been laid. Three separate studies have estimated 
heritability values for ARHI and have shown that ARHI is a 
complex disorder with genetic as well as environmental aetio- 
logical factors. 

In a first study, a Swedish male twin population, comprising 
250 monozygotic and 307 dizygotic twins aged between 36 and 
80 years, was studied using a combination of audiometric and 
questionnaire data (37). This study clearly indicated that the 
variation in hearing ability in the high frequencies is due to an 
interaction of genetic and environmental effects. Moreover, the 
relative influence of the environment becomes more important 
with increasing age. The heritability estimate for the age group 
above 65 years was 0.47, indicating that approximately half of 
the population variance for high-frequency hearing ability 
above the age of 65 is caused by genetic differences, and half by 
environmental differences (37). 

A second study analysed audiometric data from families who 
participated in the Framingham Heart and the Framingham 
Offspring Study. The auditory status in genetically unrelated 
(spouse pairs) and genetically related people (sibling pairs, 
parent-child pairs) was compared. This study showed a clear 
familial aggregation for age-related hearing levels, although the 
aggregation levels were stronger in women than in men. The 
heritability estimates of this study suggested that 35% to 55% of 
the variance of the sensory type of ARHI and 25% to 42% of the 
variance of the strial type of ARHI is attributable to the effects 
of genes (38). 

More recently, a Danish twin study evaluated the self- 
reported reduced hearing abilities in 3928 twins of 75 years of 
age and older. Calculations of concordance rates, odds ratios, 
and correlations resulted in consistently higher values for 
monozygotic twin pairs when compared to dizygotic twin pairs 
across all age and sex categories. This indicates the involve- 
ment of genetic risk factors. The heritability value was esti- 
mated at 40% in this study (39). Because self-assessment of 
hearing loss only partly corresponds to audiometric measures of 
hearing loss and frequently results in misclassification (30), this 
heritability value may represent an underestimate of the 
involvement of genetic factors in ARHI. Although it has been 
proven in three separate studies that ARHI is a complex disease 
caused by an interaction of environmental and genetic factors, 


so far nothing is known about the genes that contribute to 
ARHI in humans. 


Heritability in mouse models for AHL 


Evidence for a substantial genetic basis for ARHI was not only 
gathered from studies on human subjects. An important contri- 
bution involves research performed in inbred mouse strains 
with AHL. These mouse strains may represent valuable models 
and may be used for the investigation of genetic factors in 
human ARHI. 

Through the study of hearing loss in 5 inbred strains and the 
10 possible combinations of F1 hybrids, Erway et al. found evi- 
dence that supports a genetic model for recessive alleles con- 
tributing to AHL at three different loci (40). A first major, 
recessive gene affecting AHL in C57BL/6) mice (designated 
Ahl) was localised to chromosome 10, near DIOMit5, using a 
C57BL/6] X CAST/Ei backcross (41). Ahl was associated with 
degeneration of the organ of Corti, the stria vascularis, and the 
spiral ligament and with loss of SGCs, suggesting that it pro- 
motes a “mixed” type of AHL (mixed sensory/neural/strial type, 
according to Schuknecht’s typology). In subsequent studies, the 
Ahl gene was shown to be a major contributor to the hearing loss 
present in nine other inbred mouse strains—129P1/ReJ, A/J, 
BALB/cBy], BUB/BnJ, C57BR/cdJ, DBA/2J, NOD/LtJ, SKH2/J, 
and STOCK760 (42)—and to be allelic with the modifier of 
deaf waddler gene (mdfw) (43). The gene responsible was iden- 
tified in 2003; in exon 7 of cadherin 23 (Cdh23), a hypomorphic 
single-nucleotide polymorphism (753A), leading to in-frame 
skipping of exon 7, showed significant association with AAl and 
mdfw (44). The AHL of inbred strains homozygous for this poly- 
morphism may be due to altered adhesion properties or reduced 
stability of the CDH23 protein lacking exon 7 (44). Using a 
congenic strain with genomic DNA derived completely 
from C57BL/6J, except in the Ahl-chromosome 10 region, 
where the genomic material was derived from CAST/Ei 
(B6.CAST-+Ahl), it has recently been shown that additional 
loci, besides the Ahl locus, may contribute to the differences in 
hearing loss between C57BL/6] X CAST/Ei mice (45). 

A second locus affecting AHL (Ahl2) was mapped to chro- 
mosome 5 using a C57BL/6J X NOD/Lt] backcross. Johnson 
and Zheng demonstrated that the hearing loss attributable to 
Ahl2 is dependent on a predisposing Ahl genotype (46). Using 
a C57BL/6J X MSM backcross, a third locus (Ah13) was posi- 
tioned on chromosome 17 (47). 


Nongenetic risk factors for ARHI 


As illustrated above, ARHI is a complex disease caused by a 
combination of environmental and genetic factors. ARHI 
excludes hearing loss caused by factors such as exposure to exces- 
sive noise, intrinsic otological disease (including otosclerosis, 
chronic otitis media, Méniére’s disease), and some underlying 
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medical conditions. ARHI might, however, reflect the cumula- 
tive effects of disease, ototoxic agents, and other environmental 
(including noise) and dietary factors that act together with 
hereditary factors to influence the cochlear ageing process. 


Environmental risk factors 


Several environmental risk factors have been put forward as 
being involved in the development of ARHI (noise, drugs, 
organic solvents, etc.). However, considerable controversy exists 
concerning the role of many of the risk factors. The best known 
and the most studied risk factor for hearing loss is noise expo- 
sure. In general, ageing and noise exposure lead to similar phys- 
iological and anatomical changes (27). Although exposure to 
excessive occupational noise should be excluded as a causative 
factor, constant low-level noise (the noise of every day life in our 
industrialised and urbanised environment, also called “acoustic 
smog”) is regarded as an environmental risk factor for ARHI. 
This is best illustrated by the absence of ARHI in some isolated 
African tribes in the Kalahari Desert and the Sudan, who live in 
relatively noise-free environments (48,49). Also, noise exposure 
due to leisure activities (rock, classical or jazz music, personal lis- 
tening devices, e.g., walkmans, and “household” noise) should 
be taken into consideration, although the most serious assault 
on hearing capabilities results from recreational hunting or tar- 
get shooting (50). From experiments in a mouse strain carrying 
the Ahl gene (C57BL/6J, see above), it became clear that a 
genetic predisposition to ARHI might be revealed sooner in life 
due to noise exposure. In other words, genes that are associated 
with ARHI might render the cochlea more susceptible to noise 
(51,52). It has been a point of debate whether ageing and noise 
act in an additive or in an interactive way to produce permanent 
hearing loss. If the latter is more important, the question 
remains whether they amplify each other or tone each other 
down (53). The assumption of an additive effect has been most 
widely accepted. However, recently an interesting interaction 
between ageing and noise has been proposed (54). Using data 
from the Framingham cohort, it was shown that noise-induced 
hearing loss reduces the effects of ageing at noise-associated fre- 
quencies but accelerates the deterioration of hearing at adjacent 
frequencies. The rate of ARHI seems to differ in noise-damaged 
ears when compared to non—noise-damaged ears (54). In gen- 
eral, there is agreement on the fact that age-related changes 
exceed noise-induced changes for the 0.5, 1, 2, and 3 KHz pure- 
tone average (55). 

Besides noise, several other environmental factors have 
been implicated in the aetiology of ARHI, an overview of 
which is given in Table 6.2. 

Ototoxic medication as a risk factor for hearing loss is well 
documented. Especially in the elderly, ototoxic medication can 
become problematic because they usually take more medication 
and for longer periods compared to other age groups, and 
because they have altered liver and renal functions, which can 
cause blood levels of drugs to rise above certain critical levels 
(56-59). The detrimental effects of some chemicals on hearing 


levels are indisputable (60,61). The effect of tobacco smoking 
and of alcohol (ab)use on hearing loss remains controversial 
(57,62-67). Hearing loss due to head trauma could possibly be 
caused by disruption of the membranous portion of the cochlea, 
by disturbance in the cochlear microcirculation, or by haemor- 
rhage into the fluids of the cochlea (68). The nutritional status 
also seems to have importance (69), while caloric-restriction 
does not seem to have much effect (70). Finally, even socioe- 
conomic status has been implicated as a contributory factor. 
Interestingly, this effect remained even when noise exposure 
was taken into account (71). Clearly, it will be very difficult to 
assess what the contribution of all separate factors will be on 
the final outcome, i.e., the level of hearing loss. 


Medical risk factors 


Several medical conditions have been postulated as risk factors 
for ARHI. A possible relation between ARHI and cardiovascu- 
lar disease (coronary heart disease, stroke, and intermittent 
claudication) and cardiovascular disease risk factors (including 
hypertension, diabetes, smoking, weight, and serum lipid levels) 
was investigated in the Framingham cohort (65). Cardiovascu- 
lar disease was associated with ARHI, although predominantly 
in the low-frequency range and in women. Of the cardiovascu- 
lar disease risk factors, hypertension and systolic blood pressure 
were related to hearing thresholds both in men and in women, 
while high-density lipoprotein and blood glucose levels were 
associated with low-frequency pure-tone averages only in 
women (65). Brant et al. later confirmed the relationship 
between ARHI and systolic blood pressure for speech frequen- 
cies (66), while Lee et al. could confirm the effect of 
high-density lipoproteins on ARHI in women (72). Classically, 
low-frequency ARHI has been associated with microvascular 
disease, leading to atrophy of the stria vascularis. Another indi- 
cation that vascular abnormalities might be important in the 
development of ARHI has recently been obtained in an animal 
model for ARHI (C57BL/6] mice), where a significantly 
reduced expression of cochlear vascular endothelial growth fac- 
tor (VEGF) was observed as a function of age (73). 

Patients who suffer from chronic renal failure and undergo 
dialysis are also at risk of developing high-frequency hearing 
loss. Either the disease itself (due to uraemic neuropathy, elec- 
trolyte imbalance, premature cardiovascular disease, shared 
antigenicity between cochlea and kidney) or the treatment 
(chronic dialysis most often followed by kidney transplantation 
and an accompanied use of ototoxic medication) might be 
responsible for the increased risk in renal patients (74). Dem- 
ineralisation of the cochlear capsule in conjunction with age- 
related bone mass loss may lead to ARHI. This was reported by 
Clark et al., who could demonstrate that the femoral neck bone 
mass, but not the radial bone mass, was associated with ARHI 
in a population of rural women aged 60 to 85 years (75). 
Another study could not demonstrate a relation between hip- 
bone mineral density and hearing abilities (76). Several inves- 
tigators have observed an association between diabetes mellitus 
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Table 6.2 Environmental risk factors for ARHI 


Factor Effect® 


Ototoxic medication Salicylate 
B-adrenergic drugs 
Aminoglycosides 
Loop diuretics 


Chemicals Organic solvents 

Heavy metals 
Smoking Causing hearing loss 

Having no effect 

Passive smoking: causing hearing loss 
Alcohol Abuse causing hearing loss 


Abuse having no effect 


Moderate use: protective effect 
Head trauma Whiplash 


Low vitamin B-12 
Low folate 


Nutrition status 


Caloric-restricted diet No, or a very small, protective effect 


Low social class 
Lower level of education 


Socioeconomic 


References 


56, 57 
58 
59 
59 


60, 61 
60 


57, 62-64 
65, 66 
63 


57, 67 
62 
62, 67 


68 


69 
69 


70 


7\ 
7\ 


“Unless indicated otherwise the environmental factors listed here cause hearing loss. 


and high-frequency hearing loss. This association might be 
explained either by microangiopathic lesions in the inner ear 
(cochlear loss) or by primary neuropathy of the acoustic nerve 
(retrocochlear loss) (77). 

Finally, a role for the immune system in the development of 
ARHI has been suggested. When SAMP1 mice were bred in a 
specific pathogen-free environment, the age-related diseases 
typically observed in these mice (including AHL) were delayed 
in onset, when compared to mice bred in pathogenic environ- 
ments. The involvement of autoimmune mechanisms 
was excluded (78). It was argued that the stress that a host 
experiences due to pathogen-induced infections impairs the 
immune functions, preceding a general decline in various phys- 
ical functions (78). 


Genetic risk factors for ARHI 


In contrast to the huge quantity of information regarding envi- 
ronmental and medical risk factors involved in the develop- 
ment of ARHI, only a minimal amount of information 
regarding genetic risk factors can be found in existing literature. 
Most of the studies describe work on animal models. Up to the 


present time, only few studies have attempted to identify ARHI 
genes in human, and none have been identified so far. 

In the section on heritability in mouse models for AHL 
(see above), the localisation of three mouse AHL loci (AAl) 
(41,46,47) and the identification of a first mouse AHL gene 
(CDH23) (44) were described. Another gene that has been 
implicated in the development of AHL in mice is VEGF (also 
described above), for which a significant reduction in expres- 
sion was observed as a function of age (73). Recently, it has 
been shown that mice susceptible to AHL have a significant 
decrease in expression of the 82 subunit of the high-affinity 
nicotinic acetylcholine receptor (nAChR). In addition, in mice 
lacking the 82 nAChR subunit, a significant hearing loss and 
reduction in the number of SGCs has been observed, indicating 
a requirement for the B2 nAChR subunit in the maintenance of 
SGCs during ageing (79). 

An important causative role for oxidative stress and conse- 
quently also for mitochondrial deletions has been postulated. 
Both aspects are further elaborated in the following paragraphs. 


Oxidative stress 


Reactive oxygen species (ROS) have been implicated in hear- 
ing loss associated with ageing and noise exposure. ROS are a 
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normal by-product of cellular metabolism, in particular of the 
oxidative phosphorylation process. ROS are potentially toxic 
and can cause DNA, cellular and tissue damage if not inacti- 
vated by cellular antioxidant protection systems (glutathione 
and glutathione-related enzymes, superoxide dismutases and 
catalase). ROS can cause direct damage to mitochondrial 
DNA. Hypoperfusion leads to the formation of ROS. As a 
reduction in blood flow to several tissues, including the cochlea, 
has been associated with ageing, this might mean that hypop- 
erfusion of the cochlea is an important causative factor of ROS 
formation and subsequent hearing loss (80). 

Significantly decreased glutathione levels have been 
observed in the auditory nerve, but not in other cochlear parts, 
in 24-month-old rats (81). Cytosolic copper/zinc superoxide dis- 
mutase (SOD1) is highly expressed in the cochlea. SOD1- 
deficient mice displayed a more pronounced AHL than 
wild-type mice (82,83). However, SOD1 overexpression did not 
protect against AHL, indicating that the oxidative metabolism 
may be more complex than previously assumed (84). Antioxi- 
dants, which block and scavenge ROS, thereby reducing the 
deleterious impact of ROS at the molecular level, might attenu- 
ate ARHI. This has been demonstrated with oversupplementa- 
tion of vitamins E and C (85), and with two mitochondrial 
metabolites (acetyl-l-carnitine and alpha-lipoic acid) (86). 
Animals treated with these nutritional supplements demon- 
strated an overall reduction in mitochondrial deletions, less 
OHC loss, and the best preservation of hearing abilities. Caloric 
restriction, which is also thought to reduce levels of oxidative 
stress, reduced the rate of AHL (85), although in previous stud- 
ies in humans no, or only a very small, effect had been observed 
for caloric restriction (Table 6.2) (70). Supplementation with 
lecithin, a polyunsaturated phophatidylcholine that plays a role 
in SOD activation, also resulted in significant protection (80). 


Mitochondrial deletions 


Mitochondrial DNA has a high mutation rate. This might be 
due to the fact that mitochondrial DNA is in the close vicinity 
of the mitochondrial inner membrane, which is the major 
source of ROS. When sufficient mitochondrial DNA damage 
accumulates, the affected cell will become bioenergetically defi- 
cient. The most vulnerable cells are found in muscle and nerve 
tissue (including the cochlea) because these cells require high 
energy levels. In addition, cochlear cells are terminally differ- 
entiated; damaged cells will not be replaced. As a result, 
cochlear tissues are very sensitive to mitochondrial damage 
caused by oxidative stress. 

Specific acquired mitochondrial mutations have been pro- 
posed as one of the causes of ARHI. They occur more frequently 
with increasing age and with the progression of ARHI. The so- 
called common ageing mitochondrial deletion involves 4977 bp 
in humans (87-89), 4834 bp in rats (87,90), and 3867 bp in mice 
(91). An accumulation of many different acquired mitochondr- 
ial mutations was detected in auditory tissues of at least a pro- 
portion of ARHI patients (92). Clinical expression of 


mitochondrial mutations is dependent both on environmental 
factors and on nuclear-encoded modifier genes (93). 


How genes involved in ARHI 
can be identified 


Up to now, no ARHI susceptibility genes have been identified 
in humans. Since it was clearly demonstrated that ARHI has an 
important genetic component (see the section on the Heri- 
tability of ARHI), the use of extended genetic association and 
linkage studies aiming at the identification of ARHI suscepti- 
bility genes seems justified. However, the late onset of the 
ARHI phenotype and the numerous confounding nongenetic 
factors complicate human genetic studies for ARHI. 


How genes involved in complex diseases 
can be identified 


The dissection of complex traits in humans has been particularly 
problematic. However, presently, many of the initial problems 
have been overcome by new technological developments (both 
statistical and laboratory methods). In general, two possible study 
designs can be used for the identification of susceptibility genes 
for complex diseases: linkage studies on one hand and association 
studies on the other hand. Both types of studies rely on the analy- 
sis of genetic polymorphisms. These can be microsatellites (poly- 
morphic tandem repeat consisting of small repeat units of 2 to 
5 bp) or single nucleotide polymorphisms (SNPs). SNPs are vari- 
ations that occur at a single nucleotide position at a frequency of 
over | per 1000 bp throughout the entire genome. SNPs are a by- 
product of the Human Genome Project and are thought to be a 
main source of variation among individuals. According to the 
“common variant, common disease” hypothesis, some of these 
SNPs might also be causative factors for complex diseases. All 
currently identified SNPs (more than 4 million) are entered in a 
SNP-database [(dbSNP; (94)]. By taking into account linkage 
disequilibrium between neighbouring SNPs, which is being 
determined for the complete human genome by the international 
HapMap project (95), efficient SNP selection strategies are now 
possible. Most typically, microsatellites are used for linkage stud- 
ies and SNPs for association studies. But this is certainly not a 
general rule. In fact, due to the development of high throughput 
SNP genotyping methods, linkage studies using SNPs have 
become increasingly popular. 

Linkage studies try to identify regions of the genome that har- 
bour susceptibility genes on the basis of the inheritance pattern of 
the disease and genetic markers. If marker alleles from a certain 
region are coinherited with the disease more than can be expected 
by chance, this region is said to be linked to the disease under 
investigation. Typically for complex diseases, nonparametric link- 
age analysis is performed on a large collection of small families. 
The nonparametric methods, also called model-free methods, 
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make no assumptions about the mode of inheritance, the disease 
frequency, or other parameters. Association studies on the other 
hand analyse genetic variations in unrelated individuals and try to 
identify those variations that are more frequent in affected indi- 
viduals compared to unaffected individuals. The ultimate in asso- 
ciation studies is a genome-wide association study. In that case, 
hundreds of thousands of SNPs across the entire genome are 
analysed in unrelated individuals. Although genome-wide associ- 
ation studies have become technically feasible very recently, they 
remain prohibitively expensive, and usually association studies are 
limited to a carefully selected set of candidate genes. 

Extended sample collections, preferably containing thou- 
sands of samples, are a prerequisite for genetic studies of com- 
plex diseases. The nature of the sample collections depends on 
the study design. Linkage studies require large sets of small fam- 
ilies, while association studies are usually done using large sets 
of unrelated individuals. 


Description of the ARHI phenotype 


A first requirement for undertaking genetic studies for ARHI is 
a clear description of the phenotype. ARHI can be treated as a 
dichotomous trait. In this case, a group of patients affected with 
ARHI (cases) will be compared with unaffected individuals 
(controls). This subdivision is usually based upon audiometric 
values. On the other hand, ARHI can also be regarded as a 
quantitative trait—an approach that should have advantages 
over the dichotomous approach, since the dichotomisation of a 
quantitative trait leads to loss of statistical power (96). If ARHI 
is described as dichotomous trait, a genetic variant that is asso- 
ciated with ARHI would be more frequent among affected indi- 
viduals (cases) than among unaffected individuals (controls). 
When ARHI is treated as a quantitative trait, samples will be 
grouped according to the genotype of a particular polymor- 
phism under investigation, and the differences in the quantita- 
tive values between the groups will be statistically analysed. 

Recently, a novel Z-score-based method has been published 
that allows ARHI to be described as a quantitative trait (97). 
The Z-score, which is based on the ISO7029 standard (9), gives 
an indication of the affection status of an individual indepen- 
dent of age and gender. Z-scores are calculated for each fre- 
quency as units of standard deviations from the median value 
for a particular age and gender. A negative Z-score indicates a 
person with better than median hearing, while a positive Z- 
score indicates hearing that is worse than the median value of 
otologically normal persons (97). 


Association studies for ARHI 


As explained above, association studies compare the presence 
of variations in candidate genes in predefined groups. The selec- 
tion of candidate genes is based upon physiological, functional, 
and expression information. The genes identified for mono- 
genic hearing loss are excellent candidate ARHI susceptibility 
genes (see Box). 


MONOGENIC FORMS OF HEARING LOSS ARE 
CANDIDATE ARHI SUSCEPTIBILITY GENES 


Up to now, genetic research into hearing impairment has 
mainly focused on monogenic forms of hearing loss. 
Using classic positional cloning approaches and provided 
that extended families are available, the localisation and 
identification of genes for monogenic types of hearing 
impairment is relatively easy and straightforward, espe- 
cially since the completion of the human genome 
sequence. At the moment, 54 loci for nonsyndromal 
autosomal dominant (DFNA), 59 loci for nonsyndromal 
autosomal recessive (DFNB), and 8 loci for X-linked 
(DEN) hearing loss, in addition to two modifier loci 
(DFNM), have been reported. More than 40 genes for 
monogenic nonsyndromal hearing impairment and even 
more for syndromal hearing impairment have been iden- 
tified. These genes belong to very different gene families 
with various functions, including transcription factors, 
extracellular matrix molecules, cytoskeletal components, 
and ion channels and transporters. For an overview of the 
current state of the art, see Chapter 5. In addition, the 
Hereditary Hearing Loss Homepage (http://webhost. 
ua.ac.be/hhh/) is a regularly updated online source of 
information on monogenic hearing impairment in 
humans. 

As the most frequent type of ARHI is progressive, 
sensorineural, and most pronounced in the high frequen- 
cies, genes causing monogenic hearing impairment with 
phenotypic similarities to ARHI, although with a much 
younger age at onset, are excellent candidate ARHI sus- 
ceptibility genes. KCNQ4 (DFNA2), DFNA5 (DFNAS5), 
COCH (DFNA9), MYH9 (DFNA17), and TMC] 
(DFNA36) are examples of such genes. Notably, all these 
genes are autosomal dominant hearing loss genes. This 
does not mean that autosomal recessive genes cannot be 
candidates for ARHI. Because some genes are responsible 
for autosomal recessive as well as autosomal dominant 
hearing loss, or for syndromal as well as nonsyndromal 
hearing loss, one might argue that all genes involved in 
monogenic hearing loss are excellent ARHI candidate 
genes. 

Molecular knowledge of the genetics of nonsyndro- 
mal hearing impairment has been obtained only rela- 
tively recently. Before 1994, only a single gene 
localisation had been reported, and until 1997 only one 
single gene had been identified. The increasing knowl- 
edge regarding these purely genetic, albeit rare forms of 
monogenic deafness, is in sharp contrast with the lack of 
knowledge regarding genes leading to ARHI. Hopefully, 
a similar increase in knowledge of the complex forms of 
hearing loss can be realised in the near future. 
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Only a few association studies have been published for 
ARHI. Van Laer et al. studied the involvement of the DFNA5 
gene in a Flemish set (using the quantitative Z-score method) 
and in a set derived from the Framingham cohort (using the 
dichotomous method) (98). DFNA5 was selected as a candidate 
ARHI susceptibility gene because mutations in DFNA5 cause a 
type of hearing loss that closely resembles the most typical type 
of ARHI (i.e., high-frequency, progressive, sensorineural hearing 
loss). Two SNPs leading to an amino acid substitution in 
DFNAS5 were analysed. However, no significant association was 
detected in either sample collection (98). Recently, a second 
study has been published. To investigate the hypothesis that 
variations in gluthathione-related antioxidant enzyme levels are 
associated with the risk of ARHI, Ates et al. analysed three glu- 
tathione S-transferase polymorphisms (GSTM1, GSTT1, and 
GSTP1) using a case-control association study (99). This study 
could not demonstrate a significant association either. 


Linkage studies for ARHI 


A huge problem in collecting families for linkage studies of 
ARH is the late onset of the disease, which means that the par- 
ents from the required pedigrees are frequently deceased. In a 
first study using the Framingham cohort, this problem was over- 
come by collecting DNA and audiological information for the 
parents in a first phase (between 1973 and 1975), and for the 
children in a second phase (between 1995 and 1999). Pure tone 
averages of medium and low frequencies were adjusted for 
cohort, sex, age, age squared, and age cubed, and a genome- 
wide linkage scan was performed. This led to the identification 
of several chromosomal regions that showed suggestive evi- 
dence for linkage: 11p, 11q13.5, and 14q (100). 

In complex diseases, several genome-wide scans need to be 
performed on independent sample sets in order to confirm pre- 
viously published candidate regions and to identify new regions 
that might be linked to ARHI. Preferably, after the completion 
of a handful of such studies, a meta-analysis should be performed 
that will define the ultimate candidate regions. Because cur- 
rently only one genome scan has been published, there is still a 
lot of work to be done to unravel the genetic basis of ARHI. 


Future prospects 


Although a great deal of work has been done already, in partic- 
ular, the unravelling of the genetic basis of ARHI will demand 
further joint efforts. Genetic analysis will clarify the influence 
of genetic variations in ARHI susceptibility genes: which vari- 
ations in these genes increase the risk for ARHI and which do 
not. By integrating information on genetic and environmental 
risk factors, it may become clear how the vulnerability of a per- 
son’s hearing system correlates with his genetic background. It 
might be that certain environmental risk factors are potentially 


harmful only in a limited number of individuals, depending on 
their genetic background. By means of genetic testing for sus- 
ceptibility genes in an individual, personalised guidelines for 
ARHI prevention may be designed. 

Future therapies for hearing impairment will have to rely 
on basic rather than on symptomatic approaches. To achieve 
this, a better understanding of the basic molecular and cellular 
processes involved in ARHI is a prerequisite. Ultimately, a 
pharmacogenomic (i.e., adapting drugs to an_ individual’s 
genetic background) approach to ARHI may become feasible. 


I Noise-related 


hearing impairment 


Introduction 


The economic basis of our society—the way the people make 
their livelihoods—has undergone fundamental changes during 
the last half of the twentieth century. The important changes 
include dependency on communication skills and increase of 
environmental noise exposure. In the past, we depended largely 
on manual labour. Today we depend upon communication 
skills—hearing, speech, and language. This, in turn, has a pro- 
found effect on definition of illness and society’s expectation and 
demands placed on the medical profession. About 13% of Euro- 
pean citizens have a communication disorder that almost exclu- 
sively depends on being hard of hearing. In 1853, Robert Koch 
stated “now when we have won the battle over tuberculosis, we 
have to conquer the next great problem—noise-induced hearing 
loss (NIHL).” This statement is still valid, and the riddle of 
NIHL has not been solved. 

In Europe, around 50 million subjects are exposed to haz- 
ardous levels of environmental noise, creating a risk for NIHL 
and tinnitus. The losses in economic terms are substantial, at a 
minimum level 0.2% of national net income. This equals about 
400 billion Euros annually at European Community level. This 
amount includes direct and indirect costs related to production. 
The indirect costs do not include factors related to reduced qual- 
ity of life. The factors affecting quality of life include social iso- 
lation, increased unemployment, and difficulties in family life 
due to communication difficulties related to hearing handicap. 
Needless to say, NIHL is still one of the leading health-related 
problems in industrialised countries. 

NIHL is insidious and progressive in nature and is invisible. 
At no time is there a sudden noticeable change in hearing. The 
loss of frequency resolution is unknown to people and the 


inability to hear sounds against background noise is attributed 
to other causes and not to hearing loss in the workplace. The 
affected workers attribute their difficulties to fatigue, lack of 
interest or concentration, poor articulation of the talkers, and 
excessive background noise. Interaction with these people 
reveals inconsistent behaviour and is attributed to an unwill- 
ingness to communicate. 


Definition of NIHL 


NIHL refers to sensory-neural hearing loss (SNHL) in subjects 
exposed to environmental noise, when other reasons for SNHL 
are excluded. Causes such as head trauma, ototoxic medication, 
hereditary hearing loss, and various inner ear diseases should be 
excluded. In estimation of the specific noise-related hearing 
loss, the subject’s age is used as a correction term in most mod- 
els (1,2). For example in the ISO 1999 (1990) database (2), age 
correction is used when the subject is older than 18 years. 
According to the ISO 1999 database A (1) model for NIHL, an 
exposure of 100dB for 8 hours a day over 30 years gives a 
median NIHL of 45 dB, with variation of 60 dB (10th—90th per- 
centiles) at 4kHz. Several confounding factors have been cited 
to attempt to explain the variance, such as inadequate evalua- 
tion of the noise exposure, pitfalls in the equal energy principle, 
prevalence of combined exposure, and individual susceptibility 
to noise. Due to unknown factors for SNHL, exact risk predic- 
tion for NIHL is difficult in individual cases (Fig. 7.1) (3,4). 
Age is regarded as a contributing factor for NIHL but has 
been subjected to criticism. The age correction provided in 
most proposed NIHL standards may not be an accurate estimate 
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Figure 7.1 Noise-exposure curves for the development of noise-induced 
hearing loss based on ISO 1999 (1976). 


of deterioration of hearing in individual cases and may cause 
variation in estimating NIHL (5,6). A deeper analysis of con- 
founding factors might reduce the uncertainty in evaluation of 
NIHL. Another problem in the evaluation of NIHL is the 
shortage of information on free-time noise and on the individ- 
ual use of hearing protectors. In the estimation of noise dose, 
evaluation of free-time noise exposure and the type of hearing 
protector and its attenuation profile and use should be included 
(7). A database should include all this information if its purpose 
is to evaluate total exposure for assessing hearing loss risk in 
individual cases. 


Historical databases used in 
evalution of NIHL 


One of the first criteria for the risk of damage based on exposure 
to steady-state noise was proposed by Kryter (8). The damage 
risk criterion is derived from a group of curves that were based 
on laboratory experiments on the development of temporary 
threshold shift (TTS). Data collected during 1955 to 1956 on 
permanent threshold shifts (PTS) in workers exposed to indus- 
trial noise was also included. The committee on hearing, bio- 
acoustics, and biomechanics (9) used the data to express the 
hearing level contour as a function of exposure. This was the 
first norm proposed for evaluation of hazardous noise. 

The first large epidemiological study of the relationship 
between noise exposure and hearing loss was made by Baughn 
(10). His studies from the early 60s involved a large worker pop- 
ulation (n = 6835) at stable work locations and under conditions 
with stable noise exposure (10,11). The exposure durations went 
up to 45 years, with average noise exposure levels of 78, 86, and 
92 dB(A). Baughn (10) recommended that the hearing loss of 
subjects exposed to the 78dB(A) noise should be considered as 
typical of non—noise-exposed males. According to his data, it is 
possible that factory workers suffer more socioacusis and nosoa- 
cusis than the general population. 

Burns and Robinson (12) studied 759 subjects, of whom 
422 males were exposed to four classes of noise ranging from 87 


to 97dB(A). The maximum exposure was about 49 years. As 
controls 97 subjects not exposed to noise were included in the 
study. The population was shown to be otologically normal. 
The authors developed a mathematical generalisation of the 
predicted hearing loss (13,14). This model introduced the 
energy principle to enable the combination of different sound 
levels (15). Hearing loss was divided into two parts: age-depen- 
dent hearing loss (presbyacusis) and NIHL. After correcting the 
model for age and gender, the distribution of hearing loss was 
calculated by using the specific formulas. The separation of 
presbyacusis from NIHL leads to a predicted hearing loss that is 
smaller than that found in other models, partly because the 
material was rigorously screened for otologically healthy 
subjects (16). 

Passchier-Vermeer (17) summarised the results of 19 
smaller studies, 12 of which have 50 or fewer cases. The data 
agree well with Robinson’s data at some frequencies, but, at 
other frequencies, large differences were found. One reason was 
the variation in the definition of audiometer zero level used in 
some of the studies (18). 

Johnson (19) prepared a report for the U.S. Environmental 
Protection Agency on the prediction of NIHL from exposure to 
continuous noise. This report is based on the data of Burns and 
Robinson (12) and Passchier-Vermeer (17). The data of 
Baughn (10,11) was also used in evaluating hearing loss in the 
nonexposed population. For this reason, the hearing loss of 
the nonexposed population is somewhat less in this report 
than in the work by Burns and Robinson (12) or Passchier- 
Vermeer (17). 

The National Institute for Occupational Safety and Health 
(NIOSH) in the United States conducted a study on industrial 
workers exposed to noise levels of approximately 85, 90, and 
95 dB(A) and control subjects exposed to levels below 
80 dB(A) (NIOSH 1974). The study consisted of an otologi- 
cally screened normal population of 792 noise-exposed subjects 
and 380 controls. Hearing loss was tabulated by a function 
determined by exposure level and duration. Using these tables, 
the occurrence of NIHL could be calculated by subtracting the 
control values from hearing threshold values measured in noise- 
exposed subjects. 

In 1975 the ISO published a standard for assessing occupa- 
tional noise exposure for hearing conservation [ISO 1999 (1975)] 
(20). The information on which this standard is based is not iden- 
tified, but, according to Suter (16), the data of Baughn (10,11) 
form the basis of this standard. The ISO standard adopted the 
equal-energy principle for the combination of different exposure 
levels from the Robinson model. According to ISO tables, 5% of 
non-—noise-exposed people have a hearing loss, whereas Robinson 
and Sutton (21) demonstrated a 10% and U.S. public health ser- 
vices study (22,23) a 20% prevalence of hearing loss for non- 
noise-exposed people. The ISO model was corrected, and a 
mathematical formula for the hearing loss was given in order to 
produce the present standard model [ISO 1999 (1990)] (2). 

The problem with historical data is that subjects were not 
screened for genetic factors and with few exceptions the 


workers were exposed to the same type of noise. In today’s 
society, the noise exposure sources vary and free-time noise has 
become an important source for NIHL. Therefore, the ISO 
standard [ISO 1999 (1990)] has frequently been criticised. 


Demands set by new European 
union directives 


The European Union (EU) has set a directive for protection of 
workers against occupational hazards (Council Directive on the 
Introduction of Measures to Encourage Improvements in the 
Safety and Health of Workers at Work, No 89/391/EC). Based 
on this framework directive, a new directive (2003/10/EC) was 
introduced on protection against noise. In this directive, the 
need to evaluate all factors affecting the development of NIHL 
is recognised. This includes noise characteristics (duration, 
impulsiveness, and level) and the effect of combined exposure 
with vibration and ototoxic chemicals. Finally, the employer 
must give particular attention when carrying out risk assessment 
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on workers belonging to particularly sensitive risk groups during 
their whole working career. To deal with this, a database should 
include all environmental and health related factors that may 
be cause of hearing loss in NIHL. In prevention work the focus 
in early diagnosis of NIHL. The following table (Table 7.1) 
shows the limit values set by the directive and their relation to 


the ISO 1999 (1990) international standard. 


Evaluation of noise exposure history 


In one study, Pyykké et al. (24) recorded accurate work histo- 
ries from 675 of 682 workers in different occupations. For data 
collection, an expert program (NoiseScan ver 1.0) was used 
(25). For all subjects, noise immission of individual working 
places (machines) or working tasks (grinding and welding) was 
measured by determining the environmental noise and there- 
after by performing noise dosimetry in selected workers. The 
noise immission in forest work was evaluated by determining 
the average noise level of the chain saws and by performing 
noise dosimetry in selected forest workers. The collected immission 


Table 7.1 Relationship between EU noise directive (EN-10/2003/EU) and ISO 1999 (1990) 


Noise level’—Daily equivalent 
level and peak level 


Relevance in regulation 
(Directive EN-10/2003/EU) 


75 dB(A) 
80 dB(A) and 135 dB(C)° 


Not defined 


Lower exposure action level 


Preventive efforts to reduce noise 


should be attempted 


Reference to ISO 1999 


No changes in hearing thresholds 


No hearing loss in speech frequencies 
(500-2000 Hz) 


Worker has access to hearing protectors 
Workers have right to test their hearing 
Workers should receive information 

on noise risks and benefit of the use of 


hearing protectors 


85 dB(A) and 137 dB(C)’ Upper exposure action level 


5% of workers will get NIHL 


Preventive efforts to reduce noise should be done 
Employer must establish a noise control program 
and provide hearing protectors 
Employer must promote the use of hearing 
protectors by all possible means 
Workers must use hearing protectors 
Noise areas must be identified and marked and 
access to these areas should be restricted 


87 dB(A) and 140 dB(C)° 


Exposure limit value must not be exceeded 


8% of workers will get NIHL 


“Weekly equivalent level may be used if there is a large variation in daily noise exposure. 


‘The effect of hearing protectors is not taken into account. 
“The effect of hearing protectors is taken into account. 
Abbreviations: EU, European Union; NIHL, noise-induced hearing loss. 
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data was used in the estimation of noise exposure for each 
worker by determining their daily exposure to noise. The 
immission data gave noise level outside the hearing protective 
device (HPD). Noise immission remained relatively constant in 
all workplaces. In a paper mill, the mean noise immission level 
was 91 to 94dB (A), in a shipyard, it was 93 to 95 dB (A), and 
in forest work, it was 95 to 97 dB (A). 

To obtain the noise level inside the protector, the mean 
attenuation performance of the HPD was measured with minia- 
ture microphone techniques (26). Noise measurements were 
taken simultaneously inside and outside the HPD. Inside the 
HPD, a miniature microphone was attached at the middle of 
the ear canal entrance. The microphone signal was fed to a sig- 
nal analyser by a thin (0.3mm) cable to minimise leakage 
between the skin and the HPD cushion ring. At different work 
sites, 10 minute samples were recorded for the analysis of A- 
weighted noise equivalent level and impulsiveness (27). The 
measurements showed that the protector attenuation is about 
15dB among forest workers, 17 dB among paper mill workers, 
and 20dB in the shipyard workers (more impulsive noise). 

For the calculation of lifetime exposure to noise, the results 
from a questionnaire on occupational history and use of hearing 
protectors were included. Noise levels were used to calculate 
the A-weighted noise immission level (Layo) outside the HPD 
and emission level (Lay;) inside the HPD for each worker 
according to the following formulae: 


Lavo = Y) Laz, +10-LOG(T)), 
Lan =D Lara —A’-10-LOG(T,)), (1) 


where Laz, is the A-weighted equivalent noise level during ith 
exposure period, A is the effective attenuation of hearing pro- 
tectors, T; is the length of the ith work period in years, and 
LOG is base 10 logarithm. The effective attenuation (A’) of 
HPDs was calculated using the following formula, which takes 
into account the use rates: 


A’=L-L’=L~-10-LOG(10""" -(1—c) 
PIO ge), (2) 


where L=noise level outside the HPD, L’ =noise level 
inside the HPD, A = attenuation of the HPD, and c = usage 
rate/100. Use rates were elicited for all work periods in steps 0, 
25, 50, 75, and 100, where 0 means no use at all and 100 means 
regular use. 

The contribution of occupational, free-time, and military 
noise and use of hearing protectors can also be evaluated. 
Although the 3 dB equal-energy rule is not universally accepted 
as a method for characterising exposures that consist of both 
impulsive and continuous-type noises, the evaluation of cumu- 
lative lifetime noise exposure might be based on the concept of 
“the noise immission level” (in dB). 


After some modification, the total noise immission level 
that takes into consideration occupational, free-time, and mili- 
tary noises can be expressed using following formula: 


E A, tot military ) 
(3) 


where Eg woecccup is the total occupational A-weighted sound 
exposure, E 4 or freetime-totalfreetime 18 the weighted sound exposure, and 
Ex wotmiliaryy the total military A-weighted sound exposure, T» ref- 
erence duration (=one year), and py reference sound pressure, 
in Pa (ppp = 20 Pa). Eno. = 10'AN!"° and x refers to occupa- 
tional, free-time, or military exposure. 


E A tot, freetime + 


Po, 


A, tot ,occup 


Li a oral = ob 


Accuracy of measurement 


The detailed noise exposure measurements are necessary to 
improve the understanding of exposure—response relationships. 
Factors such as the calibration of instruments, validity of mea- 
surement periods, and the site of the measurement may affect 


the measurement by as much as +8 dB [ISO 9612 (1997)] (28). 


Steady-state vs. impulsive noise 


The equal energy principle provides a good approximation for the 
vulnerability of the ear in steady-state noise as in the process 
industry. However, the time domain characteristics of noise have 
been shown to affect the harmfulness of noise; the risk of NIHL is 
higher in occupations where workers are exposed to impulse noise. 
In several occupations, the impulses are so rapid that they con- 
tribute only a minimal amount to the energy content of noise. For 
example, in impulsive noise among shipyard workers, the hearing 
loss was 10 dB greater than could be predicted by the model. The 
observed hearing levels were very consistent with the model for 
forest workers, where the noise was not impulsive. Pauses in expo- 
sure allow for some recovery, and the resulting hearing loss is not 
as great as is proposed by the equal energy principle in animal 
experiments (29). Among paper mill workers, the hearing loss 
among those who used HPDs on average 50% of the time was less 
than the hearing loss among those who never used HPD. The dif- 
ference could not be explained by the small change in exposure. 
The conclusion was that even temporary use of HPDs may 
provide relatively good protection against hearing loss. 


Free-time and military noise exposure 


The most frequent exposure to noise in free time is exposure to 
loud music. The highest music exposure rates are from rock 
music. Noise levels in a concert or a disco often exceed 100 dB 
(30). Thus, only one attendance a week causes an exposure 
exceeding the occupational exposure limit value. Similar levels 
are reported in the users of portable cassette recorders (31). In 
classical music, the levels are lower, but the musicians still have 
arisk of hearing loss (32). The role of music in NIHL is not well 
understood. In studies conducted among young people, 


exposure to loud music causes no changes in the audiogram. It 
has been suggested that the effect of music exposure would 
show up later. This is in accordance with recent studies show- 
ing that people exposed to loud music had more frequent and 
severe tinnitus than people with less exposure to music (33). 


Free-time and military noise 


The A-weighted sound exposure for free-time and military 
noise, excluding shooting noise and impulse noise from military 
sources, will be determined in a similar way. In this case L,, s4, 
should be replaced with the equivalent continuous A-weighted 
sound pressure level. Effective time exposure per day (or week 
or year) will be also taken into consideration. 

In the case of shooting noise (hunting as a hobby) or impulse 
noise from military sources, the A-weighted sound exposure EA, 
(in Pa’s) might be calculated from the equation (4): 


imp 


(Leamts,-Kypp/10 
E, YN, -10 wl 


Almpi = 0 


I 


(4) 
where N,; is number of impulses, Lg, _j,, is the A-weighted sound 
exposure level of single impulse [averaged over one second; see ISO 
1999 (1990)], E> the reference sound exposure (Ep = 4-10 |° Pa’s), 
Kyp; is a hearing protector correction, in dB, and M is the total 
number of various sources of impulse noise. 

Apart from assessment of the total lifetime noise exposure, 
each type of exposure (occupational, free-time, and military) will 
be considered separately. Additionally, in the case of occupa- 
tional exposure, the noise spectrum will be evaluated for audible, 
ultrasonic, and infrasonic frequencies [see ISO 9612 (1997)]. 

In the case of shooting noise and impulse noise from mili- 
tary exposure, evaluations based on the number of shots or 
explosions and C-weighted or unweighted peak sound pressure 
level will be incorporated (e.g., see Regulations for Shooting 
Noise in the Netherlands) (Fig. 7.2). 

Nonoccupational noise exposure interacts with occupa- 
tional noise exposure by enhancing the risk of NIHL. At pre- 
sent, this interaction is not taken into account in assessing risk 
criteria for NIHL in industry. In addition to occupational noise, 
other noise sources such as military noise, vehicle noise, and, 
especially, exposure to free-time noise have become increas- 
ingly important for the development of NIHL. The nonoccu- 
pational noise exposure confounds the NIHL and, in many 
cases, overrules the occupational noise exposure. 


Evaluation of the use of HPDS 


The use of HPDs started in the early 1970s in most workplaces 
and since then has increased over time. In Nordic countries, in 
1990s, about 60% of paper mill workers, 90% of shipyard work- 
ers, and 97% of forest workers reported that they used HPDs 
during the whole working time (7). 
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Figure 7.2 Example of prediction of hearing loss when environmental factors are 
included. The shipyard worker starts working at the age of 20 years in an impulsive 
noise environment of 98dB(A). The nominal attenuation of HPD is 24dB. He attends 
weekly discos and concerts with a mean sound pressure level of 98dB(A) for six 
hours. He starts visiting the discos at the age of 15 and stops at the age of 30. His 
hobby is hunting with annually 30 shots in the forest without HPD and 100 shots 
for targeting with HPDs. Abbreviation: HPD, hearing protective device. 


Although the use rate is now at a very high level in some 
branches of industry, there is still room for improvement in 
other branches. The nominal attenuation, recommended by 
the manufacturers, varies from 11 to 35 dB, depending on the 
HPD and the frequency content of the noise. Whether this 
nominal attenuation is obtained is often questioned (34,35). 
For maximum attenuation, a use rate of over 99% is needed 
(EN 458-1993) and the HPD needs to be in good condition. 
The real protection provided by HPDs depends on the use rate. 
A case study among paper mill workers demonstrated that 
hearing loss among those who used HPDs on average 50% of 
the time was less than the hearing loss among those who never 
used HPDs. The difference could not be explained by the small 
change in exposure. Thus, even temporary use of HPDs pro- 
vides some protection against hearing loss. However, the use of 
manufacturers’ data for the evaluation of attenuation has been 
questioned by the several studies, suggesting that 3 to 18dB 
should be subtracted from the protection values given by the 
manufacturer. At present, a proposal under preparation in 
Europe is that for custom-moulded HPDs 3 dB should be sub- 
tracted, for ear muffs 5dB, and for ear plugs 8dB. The HPDs 
attenuate industrial impulse noise even more effectively than 
steady-state continuous noise. This is due to the high content 
of high frequencies in impulses (36) that are attenuated effec- 
tively by earmuffs. Even though earmuffs reduce the impulse 
noise rate, workers in the metal industry are still exposed to 
more impulsive noise than workers in paper mills and forestry. 

The use of HPDs gives best results with motivated users. 
Low motivation to wear HPDs is manifested as low use rates 
and low true attenuation values (37). Successful motivation 
can be obtained via appropriate education and training. The 
users must be informed about the effects of noise and the risks 
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at work (2003/10/EC). Best results are obtained if personal 
audiometric data is used (38). This means that the education 
must be given privately. Users need training on the mainte- 
nance, installation, and use of HPDs. The attenuation of HPDs 
works well only if the HPDs are well maintained (EN 458- 
1993). Good maintenance consists of cleaning, changing of 
replaceable parts such as cushions, and overall monitoring 
of the state of the HPD. Installation must be done before 
entering the noisy area (EN 458-1993). If earplugs are used, 
special attention must be paid to the proper installation 
technique (34,37). 

In branches of the military where large calibre weapons are 
used, recruiters face a high risk of developing NIHL. HPDs have 
shown to be less effective due to the nonlinearity of the atten- 
uation against very high peak levels and the low frequency 
components of large calibre weapons. According to one study, 
workers exposed to occupational noise showed on average 5 dB 
greater hearing loss if during their conscript period they were 
exposed to the noise of large calibre weapons (39). 

Although it is possible to obtain highly motivated users 
with proper education and training, the motivation tends to 
decrease over time. To avoid this, the education and training 
must be repeated consistently (38). 


Measurement of hearing and 
evaluation of hearing Loss 


Audiometry 


Calibration of the audiometer, background noise in the mea- 
surement booth, instructions given to test subjects, and possible 
contamination with TTSs should be considered in the mea- 
surement protocol and included in the evaluation of hearing 
threshold. In practice, we recommend that the audiometry test 
starts at 1 kHz and that the tester evaluates the threshold in 
descending order. The hearing threshold is set when the subject 
correctly hears two out of three tone peeps at the lowest thresh- 
olds. Thereafter lower frequencies are tested, then the 1 kHz 
test frequency is repeated, and after that higher frequencies of 
2, 3, 4, 6, and 8kHz are tested. Measurement errors as much as 
10dB can occur in audiometric data if each of the items men- 
tioned before is not controlled. In practice, the examiner 
should screen the accuracy of the audiometry each day by lis- 
tening to the sound before making any evaluation of test sub- 
ject’s hearing level. The type of audiometer used (clinical, 
Bekesy, screening, bone conducting, or automatic) should be 
noted in the evaluation. This is because screening audiometry 
measures hearing at 20dB HL level at best, whereas other 
audiometers are able to measure hearing threshold values at 
OdB level. The automatic audiometer has a step accuracy of 
1 dB, in contrast to clinical audiometry that has a step width of 
5 dB (Fig. 7.3). These all cause variability in the audiometric 
database and should be noted in the measurement protocol. 
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Figure 7.3 Thresholds for hearing and whisper; hearing damage limit and pain 
limit shown as a function of sound pressure level. Also sound pressure levels for 
speech and music are indicated. 


Otoacoustic emission 


The term otoacoustic emission (OAE) refers to sounds emitted 
by the ear (40). The emitted sounds originate from the electri- 
cal activation of outer hair cells that leads to mechanical con- 
traction of the organ of Corti and may be helpful in the early 
identification of SNHL caused by occupational noise exposure. 
It must be stressed that OAE provides a statistical measure 
based on a large hair cell population. Three forms of OAE exist, 
all of which are evoked by particular stimuli. In the normal ear, 
spontaneous OAEs (SPOEAs) are present in the absence of 
acoustic stimulation among 70% of subjects. After even subtle 
lesions, the spontaneous oto-acoustic emissions (SOAE) seems 
to disappear (41). Thus absence of previously identified SOAE 
indicates a lesion in the contractile properties of the outer hair 
cells. 

Transient-evoked OAEs (TOEAS) are elicited by brief 
stimuli such as clicks or tone pips. When two signals are aver- 
aged and compared, the repeatability of the signal can be ascer- 
tained. As parameters for hair cell damage, the amplitude of the 
signal over a specified frequency range and its repeatability can 
be used. Transient emissions are normally present when hearing 
loss is 20 dB or less. Thereafter transient oto-acoustic emissions 
(TOAEs) decrease in a nonlinear manner and are absent when 
the sound pressure level (SPL) is about 40 dB. This nonlinear- 
ity in the response and the absence of any early indication of 
incipient hearing loss limit the use of TOAE in diagnosis of 
SNHL (42,43). 

Distortion product OAEs (DPOAEs) are elicited by a non- 
linear interaction of two simultaneous long-lasting pure tones. 
The evoking tones are referred to as the fl and f2 primaries in 
humans. The largest DPOAEs occur at a frequency equivalent 
to 2f, to f,, DPOAEs are widely used as a screening method for 
SNHL, and there is a moderately good correlation between 
SNHL and the output of DPOAE. In the assessment, the ampli- 
tudes at different frequencies are used for comparison (44). 
However, there is no physiological evidence to support the 


expectation that normal DPOAEs can predict pure tone thresh- 
olds directly. There are various ways by which the recording and 
interpretation of DPOAE can be improved. In comparing pure 
tone audiometry with DPOAE, Kimberley et al. (44) demon- 
strated a significant probability of false responses when the 
DPOAE amplitude is less than 6 dB above the noise floor. 

Contralateral inhibition of the distortion product is recog- 
nised as a reduction in the amplitude of evoked OAE upon 
stimulation of the opposite ear. 

OAEs are vulnerable to noxious agents such as ototoxic 
drugs, intense noise, and hypoxia, which are all known to affect 
the cochlea. They are absent with cochlear hearing loss greater 
than 35 dB. The type of OAE most commonly used for clinical 
purposes is TOAE. These are attractive for use as a screening 
procedure as the test procedure is short and no cooperation of 
the subject is needed. DPOAE may be more sensitive than 
TEOAE to discriminate subjects with NIHL (45). However, the 
value and accuracy of OAE in assessing NIHL have not yet 
been evaluated. So far few databases exist with data on OAE. 


Assessment of NIHL 


According to ISO 1999 (1990) (2), noise vulnerability is linked 
to the A-weighted sound energy entering to the ear. No 
changes in the audiogram are to be expected at speech frequen- 
cies if the A-weighted equivalent noise level is less than 80 dB. 
However, in most countries, if compensation is to be awarded, 
a higher level of 85 or 90dB(A) is required. Although the new 
EU Directive (46) recognised that 80 dB can cause NIHL to the 
most susceptible people, a higher limit may be used for com- 
pensation. The criteria of NIHL outside the EU are country 
dependent and may include other criteria than those related to 
the audiogram, such as speech intelligibility. In clinical work, 
NIHL is acknowledged when the mean hearing loss exceeds 
25 dB across speech frequencies and starts to cause problems 
with communication. Although this limit is arbitrary, it closely 
follows the normal threshold values for hearing defined by the 
World Health Organisation. Usually NIHL starts in the 3 to 
6kHz area where a typical notch in the audiogram can be 
observed. When the noise damage increases the notch becomes 
wider and deeper and the audiogram starts to flatten, indicating 
damage at speech frequencies. With prolonged and very severe 
noise exposure, the NIHL levels out across the high frequencies 
at 60 to 80dB HL, but commonly low frequencies are less 
affected than high frequencies. Usually both ears are involved 
to the same extent, and if the interaural difference at speech 
frequencies exceeds 10dB HL, inner ear damage should be 
assumed to be confounded by factors other than noise. 

Often the occupational assistants who carry out industrial 
audiometry have little experience and education in the field of 
audiology. Earwax may not be removed and the ears may not 
have been inspected. We not infrequently observe workers with 
wax-blocked ear canals or with noise protection cotton left in 
the ear canal, and such situations may cause biased deterioration 
in the hearing threshold shift. On certain occasions, the subject 
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may not understand the instructions and provides inaccurate 
responses, resulting in an unreliable audiogram. Instructions 
should be simple and given verbally before the test. Importantly 
the noise-free period should be 16 hours to allow hearing thresh- 
old measurement that is free from TTSs caused by environmen- 
tal or occupational noise. Therefore, the audiometry test should 
be done as the first thing in the morning and the subject should 
not have been exposed to noise in the previous evening. Atten- 
tion should be paid to the background noise in the audiometry 
booth, and this noise should be measured, as even at low fre- 
quencies it may mask the tone pips in the tested frequencies. In 
these instances, the 0-dB threshold values cannot be measured. 
As a rule, the background should not exceed 30dB(A) in the 
booth to allow 0-dB threshold values to be measured. In indus- 
try, screening audiometry is performed for 20-dB hearing level at 
any frequency. For this purpose, background noise should not 
exceed 40 dB(A) in the booth. 

For audiogram evaluation, the Occupational Safety and 
Health Administration (OSHA) uses the occurrence of a “stan- 
dard threshold shift” (STS), defined as 10 dB or greater worsen- 
ing over time in the average hearing threshold levels for 2, 3, 
and 4kHz tones in either ear. NIOSH recommended an 
improved criterion for the detection of significant threshold 
shifts in workplace audiometric monitoring, the “15 dB twice” 
criterion. This is defined as 15 dB worsening at any frequency, 
0.5 through 6kHz, remaining present in two consecutive 
annual audiograms. Daniell et al. (47) evaluated a relatively 
large population in a longitudinal retrospective study of eight 
years with consecutive audiograms. None of the criteria used 
was accurate, and all the criteria produced significant numbers 
of false-positive audiograms. Based on the OSHA criteria, 36% 
of workers had at lest one threshold shift in seven years, and it 
was estimated by other criteria that the true value was 18%. 
The respective figures for NIOSH criteria were 54% and 35%. 

Who then should be referred to an otologist? A worker with 
a 10dB hearing change at two frequencies between the last two 
audiograms should be referred, as the change may indicate 
NIHL or an ear disorder. Also if the threshold shift is greater 
than 25dB at any single frequency, the worker should be 
referred to an otologist. Also any subjects with possible con- 
ductive or inner ear disorders other than NIHL should be 
referred. Some inner ear diseases such as idiopathic tinnitus, 
Méniére’s disease, otosclerosis, and sudden deafness may begin 
with a pure inner ear component affecting only hearing or 
masking the hearing as tinnitus may do. Infectious ear diseases 
such as chronic otitis media or tympanosclerosis cause hearing 
loss and should be identified. 

In addition to a complete exposure history and audiograms, 
the case history must document other factors that may cause 
SNHL. These include head traumas, explosives, and use of 
vibrating tools. The possible use of ototoxic drugs such as strep- 
tomycin and cisplatin should be queried. Heavy use of anti- 
inflammatory agents as salicylates and indomethacin-type 
analgesics may cause reversible or nonreversible hearing loss 


and aggravate the NIHL (48). 
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Early detection of problems 


Although individual models for the development of NIHL have 
been provided in a few of them (49,50), the studies have not 
been very successful so far. One reason may be inaccuracies in 
the evaluation of exposure data, in the use rate of hearing pro- 
tectors or in estimations of sosioacusis and of socioacusis, espe- 
cially in the detection of genetic factors. 

One of the most confounding factors in assessing damage risk 
criteria for noise is the large variation, often exceeding 60 dB, in 
expected NIHL. This large variation means that in assessing the 
risk of noise damage in the workplace, a large number of subjects 
are needed before any conclusions can be reached. In order to 
reduce the number of subjects there are two possibilities: 


1. Removal from the study sample of subjects having a 
non-NIHL 

2. Taking into account the effect of individual risk factors for 
NIHL 


Both these methods are disadvantageous. In the former 
alternative, a large number, perhaps a majority of subjects, are 
excluded from the analysis. In the latter alternative, the risk 
factors may play variable roles in the aetiology of hearing loss in 
different subjects and at different ages. 

By taking a population having similar risk profiles the vari- 
ation of results is reduced. In subjects with practically no risk 
factors, the effect of noise on hearing is evident (27). When 
subjects have a large number of risk factors for hearing loss, the 
effect of noise is severely masked by these risk factors. In the 
case of interaction of a chemical and noise, this effect may eas- 
ily be masked in small populations unless the risk profile of the 
workers is taken into account. 


Age as a confounder for NIHL 


Several factors have been suspected as being the underlying 
cause of age-related hearing loss (presbyacusis), including 
hypertension, dietary habits, drugs, and social noise exposure. 
For example, Rosen and Olin (5) and Hincliffe (6) suggest that 
if all environmental and disease processes could be controlled, 
no prominent age-related hearing impairment could be demon- 
strated. Driscol and Royster (51) concluded in their study on 
the aetiology of age-dependent SNHL that existing databases 
are contaminated by environmental noise, leading to overesti- 
mation of the effect that age has on hearing. Stephens (52) 
examined consecutive presbyacusis patients seeking rehabilita- 
tion and found that in 93%, there was an underlying cause for 
presbyacusis. A prospective study of the causes of hearing loss in 
the elderly by Lim and Stephens (53) showed that in 83% 
of cases, a disease condition was associated with a hearing loss. 
About 30% of the subjects took ototoxic medications. Humes 
(54), in a critical review of the causes of hearing loss, found sev- 
eral confounding factors affecting age-related hearing loss. 


To compare people of different ages, an age correction is 
usually made. The interaction of NIHL and presbyacusis does 
not yet seem to be well established (55). The uncertainty in the 
age correction might be diminished by selecting an internal 
control group. Usually a group that would be otologically 
screened and exposed to similar environmental stressors other 
than noise is not available. Robinson (13) focused on the prob- 
lem of evaluating NIHL in an industrial population. He con- 
cluded that it is not generally realistic to compare such a 
population with an age-matched “otologically normal” base- 
line, since a noise-exposed population will include adventitious 
hearing loss as well as noise-related components. The lack of a 
well-documented baseline for data comparison makes it difficult 
to estimate hearing loss in different geographic areas by using 
standard forms. In baseline data adopted by Robinson and Sut- 
ton (21), the importance of age-related hearing loss in the con- 
text of industrial noise exposure is documented and also 
provides the basis of age-related changes in hearing loss. 
Although aging gives a crude estimate of the effect these bio- 
logical factors have on hearing, age correction for individual 
cases can be misleading. In Robinson’s study aging alone seems 
to influence NIHL to a smaller extent than would be expected 
in the ISO 1999 model. 


Individual risk factors 


Figure 7.4 demonstrates factors affecting noise susceptibility in 
man. The reciprocal connections and the weight of each factor 
vary from subject to subject. In order to prevent NIHL, all these 
factors should be analysed and documented, and based on the 
individual model, prevention should be commenced. 

Several biological factors have been studied as possible 
aggravating factors for NIHL. In population surveys, advanced 
hearing loss in nonexposed populations has been attributed to 
biological (3,56) and environmental factors (6). Factors such as 
elevated blood pressure (57,58), altered lipid metabolism (5), 
the vibration syndrome (58,59), and genetic factors (60) are 
associated with NIHL. 

An association between elevated blood pressure and NIHL 
has been described by some researchers (61-63), but the rela- 
tionship has not been found in all studies (64). Animal studies 
have indicated that arterial hypertension accelerates age- 
related hearing loss (57,65). An antihypertensive medication 
may partly mask the effect of elevated blood pressure on NIHL 
(3). The effect of hypertension on hearing is promoted by 
other factors. Toppila et al. (27) showed among noise-exposed 
workers that age alone explained about 18% of the variance of 
NIHL in a linear model. Cholesterol levels correlated signif- 
cantly with age, as did hypertension treatment and smoking. 
The older subjects also suffered more often from pain than the 
younger subjects and consequently used more analgesics. 
Therefore, presbyacusis was contaminated by several factors, 
each of which could affect hearing but mediated by somewhat 
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Figure 7.4 Summary diagram of factors influencing noise-induced hearing loss and outcome measures. Abbreviation: HCP, hearing conservation 


program. 


different mechanisms. There is not sufficient evidence to show 
whether the effects of noise and hypertension are additive or 
synergistic. Smoking together with hypertension heightens the 
role of smoking in causing NIHL (66). Pyykké et al. (3) stud- 
ied noise-exposed workers and proposed that the predicted 
hearing loss at 4000 Hz should be corrected with the following 
factors: smoking 1.5 dB (23), cholesterol 1 dB at 4000 Hz (24), 
and hypertension 2 dB at 4000 Hz (6). The cholesterol-linked 
hearing loss is age dependent and is observed in subjects aged 
40 years or over (67). Synergism occurs also between noise and 
solvents. In animal experiments, noise combined with a high 
level of styrene (600 ppm/m’) caused a threshold shift in hear- 
ing that is 30dB greater than when the animals were exposed 
to noise or styrene alone (68). Such a high level of styrene is 
seldom encountered in industry, and solvent-linked NIHL is 
significantly less likely in man than demonstrated in this ani- 
mal experiment. 

Skin pigmentation seems to affect the vulnerability to 
NIHL. A study among African-Americans showed a somewhat 
better average hearing threshold levels than among Caucasians 
(49). This has been attributed to higher levels of melanocytes 


and their capability to protect the inner ear against noise dam- 
age (69,70). 

Many authors have found a significant and relatively large 
difference in vulnerability between men and women (2,71). 
These results may be explained by women’s smaller exposure to 
free-time noise, especially to gunfire. In a recent study where 
these factors were controlled more accurately, no difference was 


found (33). 


Evidence for genetic factors 


There are insufficient data available on the relationship 
between NIHL and genetic background. Such data would be 
crucial in explaining the great variability of noise vulnerability 
in population studies. Several studies have estimated the heri- 
tability (the proportion of the population variance attributable 
to genetic variation) of age-related hearing loss. An extension 
of the Framingham Heart Study examined the heritability of 
human age-related hearing impairment and tried to identify the 
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chromosomal regions involved (72). Audiometric examina- 
tions were conducted on 2263 original cohort members and 
2217 offspring. Of these, 1789 individuals were members of 328 
extended pedigrees used for linkage analysis. DeStefano et al. 
(72) found heritability of age-adjusted pure-tone average at 
medium and low frequencies to be 0.38 and 0.31, respectively. 
A good correlation was found with early onset of hearing 
loss and extent of presbyacusis within the family. In men, the 
relationship was not as evident as in females. In men, the 
exposure to environmental noise was a significant confounding 
factor. 

Christensen et al. (73) conducted a population survey on 
the genetic influence on presbyacusis in twins aged 70 and older 
identified in Danish Twin Registry. In total, 2778 twins aged 70 
to 76 were studied, and hearing was evaluated by questionnaire. 
The heritability was estimated using structural-equation analy- 
ses. Concordance rates, odds ratios, and correlations were con- 
sistently higher for monozygotic twin pairs than for dizygotic 
twin pairs in all age and sex categories, indicating heritable 
effects. The heritability of self-reported reduced hearing was 
40% (95%, Cl = 19-53%). The remaining variation could be 
attributed to individuals’ nonfamilial environments. 

Kaksonen et al. (74) studied a large pedigree with late- 
onset nonsyndromic hearing loss. They found weak evidence 
for a correlation between noise exposure and hearing loss 
among affected family members, but the levels of occupational 
and free-time noise exposures were quite low, seldom exceeding 
90 dB. Those subjects who had passed military service demon- 
strated worse hearing, but this association could be biased by 
sex as women did not perform military service. They also found 
an association between the use of analgesics and hearing loss. 
The strongest association was with the use of non-steroid anti- 
inflammatory drugs (NSAID) analgesics, confirming the find- 
ings of some other studies (3,24). In the pedigree, the patients 
more often had vertigo with tinnitus than their normal hearing 
relatives. It is likely that a similar degeneration in the vestibu- 
lar end organ occurs, similar to that in the cochlea that can be 
measured with audiograms. This may explain the presence of 
vertigo in some genetic disorders, for example, in DFNA9. 
Although case histories indicate that some vestibular disorders 
such as Meniere’s disease can arise by extensive noise trauma, 
the evidence of linkage between NIHL and vestibular deficit is 
still not documented. 


Identifying the genetic 
susceptibility factors 


Many genes have been identified that when mutated cause 
mendelian forms of hearing impairment (see Chap. 5). Geneti- 
cally induced hearing loss in nonsyndromic form is often diffi- 
cult to separate from NIHL. It is often age dependent and 
worsens with aging. Therefore, genes identified as causing 
mendelian forms of hearing loss have been good candidate 


susceptibility factors for age-related and noise-induced loss. 
Mutations of large effect might cause the mendelian forms, 
whereas mutations with much smaller functional effects could 
act as susceptibility factors. The scientific basis of the linkage 
and association methods used is described in Chapter 6. 

In the extended Framingham study, quantitative measures 
from audiometric examinations were tested for linkage to mark- 
ers from a genome-wide scan in this population-based sample 
ascertained without respect to hearing status. The outcome 
traits for linkage analysis were pure-tone average at medium 
(0.5, 1.0, and 2.0kHz) and low (0.25, 0.5, and 1.0kHz) frequen- 
cies adjusted for cohort, sex, age, age squared, and age cubed. 
The analysis did not identify any statistically significant lod 
scores, but several locations showed suggestive evidence of link- 
age. Of particular interest are the regions 11p [maximum multi- 
point lod score (MLOD), 1.57], 11q13.5 (MLOD, 2.10), and 
14q (MLOD, 1.55), which overlap with genes known to cause 
congenital deafness, for example, Usher syndrome. In this study, 
there was evidence that genetic and environmental factors con- 
tribute to hearing loss in the mature human population. How- 
ever, the study was inconclusive as to whether the same genes 
cause presbyacusis and congenital hearing loss. 

Of particular interest are genes where the mutants show 
inner ear structural changes similar to those seen in age-related 
or noise-induced loss. It is notable that actin structures appear 
to be structurally damaged as a consequence of noise exposure 
and aging (75). Actin is one of the major proteins responsible 
for providing the structural basis for hair cell shape, and Chan 
et al. (76) have demonstrated that acoustic overstimulation 
causes reversible reduction in the stiffness of the outer hair 
cells. Zhu et al. (77) have determined that mutations in g-actin 
are the basis for hearing loss in four families affected with 
DFNA20/26. Persons affected with the DFNA20/26 disorders 
display sensorineural hearing loss that, like age related hearing 
loss gene (AHL), begins in high frequencies and steadily 
progresses to include all frequencies. DPOAE data are consis- 
tent with a cochlear site of lesion. Thus people with minor 
abnormalities in the actin genes may be more susceptible 
to NIHL. 

Genetic analysis in mice has identified three loci (Ahl, 
Ahl2, and Ahl3) involved in age-related hearing loss, as 
described in Chapter 6. Several functional studies have reported 
that the Ahl gene renders mice more susceptible to NIHL than 
strains that do not carry this gene (78-80). Harding and Bohne 
(81) exposed the mice to 4kHz octave band noise for four hours. 
They observed sizeable variation in the magnitude of TTSs, 
PTS, and hair-cell loss among mice of the same genetic strain. 
The congenic B6.CAST + Ahl male mice had significantly less 
TTS immediately postexposure than C57BL/6] males or females 
but not less PTS or hair-cell losses at 20 days postexposure. 
These results indicate that, at one month of age, mice carrying 
two copies of the Ahl gene have an increased susceptibility to 
TTS from low-frequency noise before they have any indication 
of age-related hearing or hair-cell loss. However, this appeared 
not to be the case for PTS. The Ahl gene appears to play a role 


in susceptibility to NIHL, but the authors point out that other 
genes as well as systemic and local factors are involved. Because 
of the similarities between the human and mouse auditory sys- 
tems, the genes causing AHL in mice may also identify homol- 
ogous human genes. The mouse Ahl allele is a single-nucleotide 
variant in the Cdh23 (cadherin 23) gene; it is not clear whether 
a similar functional variant exists in humans, and if so whether 
it can explain any of age related or NIHL. 

Recent studies have shed light on the genetic background 
on caspase activation, including mitogen-activated protein 
kinases and p53. Cheng et al (82) suggested that p53 is acti- 
vated by noise oppoture initiating apoptous. Also genes 
involved in potassium recycling in the exmer ear are respected 
to cause nubnerclarity to noise (83). 


Mitochondrial genes 


It is also possible that mitochondrial gene defects may cause 
NIHL, as hearing in noise is a high-energy consuming process. 
The prevalence of these mutations in the population and their 
association with NIHL has not been documented yet. Most stud- 
ies are difficult to interpret, either because the patient selection 
criteria are too imprecise or because they focus only on families 
with probable maternal inheritance of hearing impairment, or 
else only a subset of possible mutations was investigated. In addi- 
tion, virtually all previous studies have been conducted in 
localised populations, so that their wider relevance is unclear. 

Many previous reports in the literature have identified matri- 
lineal pedigrees in which mitochondrial DNA mutations are asso- 
ciated with isolated nonsyndromic deafness. The most commonly 
reported such mutations are A1555G (84), A7445G (85,86), 
7472insC (87,88), and A3243G (89,90); the latter mutation is 
also found in families with more severe, syndromic disease. 
Assignment of these mutations as pathological is based upon their 
absence from unaffected families, their ability to produce a bio- 
chemical phenotype in cultured cell models such as rho-zero 
cybrids, and demonstrable effects on mitochondrial protein syn- 
thesis (91-96). A number of other mutations in tRNA*"™ iLe., 
T7510C (97,98), T7511C (99,100), and T7512C (101), as well as 
another mutation in 12S rRNA, C1494T (102), have been 
reported in cases of similar phenotypes (syndromic hearing 
impairment in the case of T7512C). This tRNA as well as 
tRNA‘“°Y) may be hotspots for such mutations, although other 
tRNAs have not been systematically excluded. 

According to Jacobs et al. (103), the specific case of the 
A1555G mutation presents additional problems. It was origi- 
nally reported in matrilineal pedigrees and singleton cases with 
acute aminoglycoside ototoxicity, as well as in some families 
with nonsyndromic deafness but no known aminoglycoside 
exposure (84,86). More recent studies have revealed the muta- 
tion in a substantial proportion (up to approximately 25%) of 
cases of late-onset, familial, sensorineural deafness in Spain 
(104-106). However, studies in other populations, including 
other European countries, have reported it only at a much lower 
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frequency, typically 1% to 2% of cases (107,108), although the 
groups of patients studied were not always identically defined. 
The majority of Spanish A1555G patients have no recorded his- 
tory of aminoglycoside use. Such use is very rare in, for example, 
Nordic countries today. Since the mutation is found on diverse 
haplogroup backgrounds amongst Spanish patients (105), 
founder effects seem an unlikely explanation. Multiple founder 
effects in a population that is otherwise not untypical of the 
European norm would have to be invoked. This leaves two other 
plausible explanations. Either there is some systematic differ- 
ence in the way patients have been recruited or defined in Spain 
versus other countries or else environmental factors such as 
unrecorded aminoglycoside exposure or local dietary compo- 
nents may account for the difference. Lehtonen et al. (109) 
reported that in Northern Finland, the prevalence of A1555G 
was 2.6% in a highly selected population with sensorineural 
hearing loss. Confirming their findings, in our recent study, we 
found A1555G mutations in 3/500 subjects visiting a tertiary 
referral centre for hearing loss (Jacobs H. unpublished observa- 
tion). Thus in Nordic countries mutations linked to A1555G 
seem not to be important in the aetiology of NIHL (103). 


Mitochondrial haplogroup 
affiliations and hearing impairment 


The background and emigration of populations can be traced 
according to their membership of ancient matrilineal clans 
defined by founder polymorphisms in mtDNA. These hap- 
logroups and their sub-branches [haplogroup clusters (HVs)] 
show subtle differences between populations (110), for example, 
east-west and north-south clines within Europe (western Eura- 
sia). Previously, associations between specific haplogroups or 
HVs have been reported with a variety of disorders, 
including male infertility (111), Parkinson’s Disease (112), 
Alzheimer’s and other types of dementia (113,114), and 
multiple sclerosis (115), as well as with longevity in different 
populations (116,117). Not all these studies are congruent, how- 
ever, and virtually no evidence is available to support a specific 
functional role in the pathogenesis of polymorphisms character- 
istic of, or unique to, specific haplogroup backgrounds. Never- 
theless, a general trend is evident, in that the most common 
European haplogroup H, or the HV to which it belongs, is asso- 
ciated more frequently than expected, given its overall popula- 
tion frequency, with disease or short lifespan (103). So far, it is 
not known whether specific haplogroups are linked to any hear- 
ing loss or increase in susceptibility to NIHL. However, studies 
conducted on identical twins favour the idea of genetic back- 
ground for increased vulnerability or predisposition. 

Jacobs et al. (103) have recently focused on the assessment 
of possible associations between the haplogroups and hearing 
loss. Lehtonen (109) found an increased number of rare poly- 
morphisms amongst Finnish patients with sensorineural hear- 
ing impairment, compared with controls, consistent with at 
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least some of them being mildly deleterious mutations con- 
tributing collectively to the phenotype. Several recent papers 
have suggested that mitochondrial haplogroup can influence 
the disease phenotype of patients carrying other mt DNA muta- 
tions. Thus, the Al2308G polymorphism, diagnostic for the 
U.K. HV, seems to be associated with a more severe phenotype, 
including retinopathy, short stature, and cardiac defects, 
amongst patients with mtDNA deletions (118). However, Tor- 
roni et al. (119) failed to find any haplogroup associations 
underlying phenotypic variability of A3243G patients. 

The data of Jacobs et al. (103) suggest a distortion towards 
HV amongst patients with early-onset but postlingual hearing 
impairment, at least compared with population controls or 
patients with presbyacusis. The fact that this applies to two 
geographically distinct populations supports it as being mean- 
ingful, but it is of only borderline statistical significance. A 
recent study demonstrated statistically significant haplogroup 
differences between adult Finnish controls and a healthy 
cohort of individuals aged 90 to 91 from the same geographical 
area, on the basis of which they proposed a haplogroup associ- 
ation with healthy aging. Whatever the underlying cause of 
this phenomenon, it suggests that “population controls” may 
not be rigorous enough to demonstrate haplogroup associations 
with hearing loss, and that tightly age-matched controls might 
be needed. The bias in HV would suggest that polymorphisms 
that have arisen uniquely on the HV background may con- 
tribute to hearing loss (103). 


The need for further research 


There is an urgent need for population studies in the EU to clar- 
ify the role of genetic factors in the aetiology of NIHL. It has 
been suggested that as much as 60% of NIHL may be linked to 
genetic factors (120). A modern database should therefore 
include possible indications of a genetic background for NIHL. 
The complete case history should include questions on possible 
hard-of-hearing relatives in the pedigree. This is also the aim in 
the new EU-based noise control directive. 

We are currently performing a study of a number of gene loci 
known to cause mendelian forms of hearing loss in a large sample 
of EU citizens with hearing loss. So far no significant clusters of 
gene mutations have been found that would indicate increased 
noise sensitivity [EU age related hearing impairment (ARHI) 
project, 2005]. It seems likely that the genes currently identified 
through family studies are not the major loci responsible for noise 
vulnerability or aging. 


Hearing conservation program 
The primary goal of an industrial hearing conservation pro- 


gram (HCP) is prevention (or, at least, limitation) of NIHL 
associated with exposure to industrial noise (121). Other goals 


may be formulated in addition to this primary goal, such as 
reduction of employees’ stress and absenteeism and reduction 
of workplace accidents. An HCP is costly and demands 
resources and personnel. Often due to these factors only 
selected personnel who are in high risk for the development of 
NIHL are tested audiologically, whereas newly employed per- 
sons are not tested. If a hearing test is not carried out before 
starting to work, it may be difficult later to show that the 
hearing loss is of preemployment origin. It is strongly recom- 
mended that all person entering jobs with a risk of developing 
NIHL should be tested. 

Several HCPs have been launched in order to better under- 
stand the effect of occupational noise on the human ear 
(49,122-124). Some recent HCPs utilise database analysis pro- 
grams comparing data on the noise emission level and includ- 
ing evaluation of factors other than workplace noise (50,125). 
These programs may take into consideration, for instance, the 
association of aging, nonoccupational noise, and medical his- 
tory (125). Other researchers use models based on risk analysis 
in which the relative importance of various factors as well as 
workplace noise is considered (3,59). Only few programs 
actively monitor the use of personal hearing protectors and 
their attenuation efficacy. The OSHA (126) requires employers 
with excessively noisy jobs to maintain a continuing and effec- 
tive HCP, providing personal hearing protecting devices, 
annual training, and annual audiometric monitoring for 
exposed workers. The employer must monitor individuals’ 
audiograms for occurrence of STS, defined as 10dB or greater 
worsening over time in the average hearing threshold levels of 
2, 3, and 4kHz tones in either ear. When STS is documented, 
the employer is required to notify the individual worker, pro- 
vide retraining and refitting of hearing protectors, and make 
any necessary referral for otological evaluation. 

One major problem in HCPs is establishing individual 
baseline values. Royster and Royster (50) demonstrated a sig- 
nificant improvement of age-corrected audiograms when the 
subjects were annually tested over six years. The improvement 
was interpreted as due to the training effect but depended on 
the noise emission level. Also, those with prominent hearing 
loss had less training effect. Royster and Royster (50) proposed 
that the audiogram showing the best hearing at frequencies of 
500 to 6000 Hz should form the baseline level. Thus any audio- 
metric evaluation used in a HCP should be based on a serial 
audiogram, and the database should include some expert pro- 
grams to validate the data in order to establish baseline values 
for hearing and also to calculate hearing loss. 

The components of an effective HCP are as follows (127): 


1. Measurement of work-area noise levels 

2. Identification of overexposed employees 

3. Reduction of hazardous noise exposure to the extent pos- 
sible through engineering and administrative control 
Provision of HPD if other controls are inadequate 

Initial and periodic education of workers and management 
Motivation of workers to comply with HCP policies 


Oye 


Professional audiogram review and recommendations 
Follow-up for audiometric changes 

Detailed record-keeping system for the entire HCP 
Professional supervision of HCP 


oP en 


One observes that many of these above-mentioned tasks 
are not well defined. The exposure evaluation is not a simple 
straightforward task, and comparison of audiograms is not easy, 
due to large variations in NIHL and the strong effect of age. 

The use of HPDs gives best results with motivated users. 
Low motivation to wear HPDs is seen as low usage rates and 
low true attenuation values (37). A successful motivation can 
be obtained via appropriate education and training. The users 
must be informed about the effects of noise and the risks at 
work (89/188/EEC, 2003/10/EC). Best results are obtained if 
personal audiometric data is used (38). This means that the 
education must be given privately. Users need training on 
maintenance, installation, and the use of HPDs. The attenua- 
tion of protectors works well only if they are well maintained 
(EN 458-1993). Good maintenance consists of cleaning, 
changing of replaceable parts such as cushions, and overall 
monitoring of the state of the HPD. Installation must be done 
before entering the noisy area (EN 458-1993). If earplugs are 
used, special attention to the proper installation technique 
must be paid (37). 

Although it is possible to obtain highly motivated users 
with proper education and training, the motivation tends to 
decrease over time. To avoid this, the education and training 
must be repeated consistently (38). 

The data should preferably refer to a large international 
database of individual worker information to include the indi- 
vidual susceptibility factors and thereby provide personal- 
ised HCP. 

The approach to the protection of workers described in the 
directive 2003/10/EC is based on the identification of the risks in 
the workplace. The identification includes the effect of impulse 
noise, interaction with vibration and ototoxic chemicals, and 
effect noise and hearing protection of risk of accident. Also the 
groups susceptible to noise must be identified. If there is risk of 
NIHL, the employer must develop a HCP (Fig. 7.5). In HCP, the 
first task is to evaluate the sources of noise and the possibilities to 
reduce the levels by technical means. If reduction of the noise 
source is not possible, the workers should be provided with HPDs 
and the workers should be informed about the risks and the cor- 
rect use of the selected HPDs in an appropriate way. 

These guidelines are not sufficient for practical purposes. 
The following problems must be solved: 


How to guarantee that the HPDs are used properly 

How to discover risky workplaces or tasks 

Addressing protective measures against the relevant noise 
source, especially if the greatest exposure occurs in free time 


is difficult. 


By solving these questions, the minimal legal requirements 


of a HCP will be achieved. A good HCP contains additional 
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elements. These elements are added to increase the power of 
the HCP. 


Objectives of the database 


The database should be multidisciplinary, and the extent of hear- 
ing loss should be studied as a function of environmental noise 
exposure, individual sensitivity factors, interacting diseases, and 
genetic background, as indicated with the recent EU-based noise 
directive. In assessment of these factors, artificial intelligence 
may be used to create a complete HCP valid for individual sub- 
jects. The database should include the following components: 


1. Information on separate and combined exposures for occu- 
pational noise 

2. Information on use of hearing protecting device and 
type 

3. Information on separate and combined effects of free-time 
noise 

4. Information of human (risk) factors on hearing impairment 

5. Information of interaction of diseases on hearing 
impairment 

6. Information of genetic factors in the aetiology of hearing 
impairment 

7. Relevant audiological test results 

8. Otologic history and examination 

9. The impact of hearing impairment on the quality of life 


A functionally customer friendly database program should 
contain three major parts: the database, inference engine, and 
interface. The purpose of the interface is to provide easy access 
for the user to view the data or add new cases. The inference 
engine assists the user to combine different noise sources to 
generate a single index of exposure and determine the efficacy 
of hearing protectors against noise. It also should warn against 
excessive noise sensitivity and print out the risk factors for 
NIHL at individual level. 

The inference engine should be based on knowledge and 
decision-making rules, because the purpose of HCP is to assist 
in minimising the risk of developing hearing loss. Usually the 
executive part is composed from abstract grammar or algo- 
rithms (e.g., genetic algorithms, neural networks, and decision 
trees). The engine calculates different ways of classifying the 
data, based on a set of training examples. The risk models 
should by preference be based on the ISO model; new models 
may emerge from the analysis. In a sophisticated form, the 
database can be used to formulate individual HCPs. 


Quality of life 


The psychosocial consequences of environmental noise are 
widespread, in addition to measurable hearing loss. Thus, 
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NoiseScan summary 


Findings 

Ear history and findings: 

Tympanic membrane Right ear not normal 
Other abnormalities No 

Perforation No 

Tinnitus Yes 

Factors increasing noise vulnerability 
Health related findings: 

Blood pressure 190 * / 98 *[ mmHg] 
S-Cholesterol 7,8 * [mmol/L] 
Smoking Yes * 

Painkillers No 

VWF Yes * 

Pigmentation Yes * 

BMI: 26.09 


* Is riskfactor 


Xylene 
Other 


loss 


Exposure data 

Work Noise Exposure: 

Current exposure level (LAeq) 97 dB(A) 
Current exposure time 31 Years 

Life time noise exposure (LANout) 117 dB(A) 
Life time inner ear exposure (LANin) 85 dB(A) 
Total exposure time 31 Years 

Miltary noise exposure 


Weapon and vehicle noise equivalent to 49 
dB(A) 


Free time noise exposure 

Music noise exposure 101 dB(A) 

Shooting noise exposure 113 dB(A) 

Other free time noise exposure 0 dB(A) 
Estimated life time non-occuppational 

noise exposure (LAfree) 113 dB(A) 

Total noise exposure 113 dB(A) 

Analysis of audiogram 

Significant asymmetry above speech region. 


Exposure to solvents: 


Confounding factors 

Ear operations 

Ventilation tube (tympanostomy) on left ear 
Operation of otosclerosis on left ear 

Explosion or shots with immediate tinnitus or hearing 


Vertigo or dizziness 
White finger disease 


Figure 7.5 Example of output from a hearing conservation program data sheet given to the customer. Note that a copy of the audiogram and its relation to ISO 


standard, lifetime noise dose, environmental and work dose, and individual risk factors are displayed. 


reduced oral communication is a social handicap. NIHL also 
reduces the perception of warning signals, exposing to subjects 
to unwanted events such as accidents and distortion of envi- 
ronmental sounds fields or music. Consequently, NIHL may 
lead to social isolation, decreased worker productivity and 
morale, and an increase in job-related accidents. The effects of 
NIHL are often misperceived. On first questioning, most work- 
ers do not associate their listening and communication difficul- 
ties with their hearing loss as assessed by audiometry. 

Below is the diagram of International Classification of 
Function that describes the dimensions causing the handicap in 
NIHL (Fig. 7.6). NIHL is insidious and progressive in nature 
and is invisible. At no time is there a sudden noticeable change 
in hearing. The loss of frequency resolution is unknown to peo- 
ple. Affected workers attribute their difficulties to fatigue, lack 
of interest or concentration, poor articulation of speakers, and 
excessive background noise. Interaction with these people 
reveals inconsistent behaviour and is attributed to an unwill- 
ingness to communicate. 


The awareness of hearing difficulties is further hampered by 
the stigma associated with deafness. The experience of hearing 
difficulties has a strong negative impact on self-image, which 
manifests itself as a sense of being incompetent, perceiving one- 
self as abnormal, physically diminished, prematurely old, or 
having a defect (128). Any sign of impairment is seen as a sign 
of weakness, thus concealment is adopted as a strategy. When 
NIHL is moderate to severe, it leads to speech distortion, 
reduced word discrimination, noise intolerance, and tinnitus. 
NIHL may be a limiting factor of quality of life, and in short 
inventories hearing loss—related problems are reflected in 
reduced mobility and in mood of the subject [for example in 
European quality of life (EQoL) 5D (129) and in 15D (130)]. 
Therefore a database should by some means also record factors 
related to quality of life. In Europe, one instrument that is rela- 
tively simply to use and needs only a few questions answering is 
EQoL 5D. Other instruments used in Europe are the quality- 
of-life instruments 15D and SF 12 (131) that also include a 
question on hearing ability. 


Health condition 
(symptom/disease) 


Body function 


and constitution 


Personal 
factors 


Environmental 
factors 


Figure 7.6 Components of international classification of function in evaluating 
effect of disorder on the performance of the subject in society. 


Construction of a modern 
database program 


The interface between the subject and database may be inter- 
active as was previously common when the nurse or doctor took 
the exposure history (4,25). It may be based on questionnaires 
that can be scanned later or an interview with a person with 
direct access to a database or can be interactive when the per- 
son fills the database by himself through the computer (4). The 
modern possibility to operate the questionnaire through Inter- 
net is useful in large surveys as in recruiting persons in military 
bases or in assessing hearing loss in large factories. Interactive 
questioning with direct input into the database is most com- 
monly used by midsize and small industries where the occupa- 
tional nurse will feed the data in of the case histories (25). 
Paper-based questionnaires are mostly used in field studies and 
in cross-sectional studies. Commonly the questionnaires are 
scanned in with a text scanner and screened for possible error. 
Specific software and text scanners reduce the rate of input 
errors. An example of a questionnaire for NIHL is documented 
in Appendix I. We have recently launched an Internet-based 
questionnaire, where the subject can input the data at home or 
in the office. Security is guaranteed and the subject has the 
right to fill in the questionnaire and correct it up to the point 
when it is ready to be submitted. This model is available for 
demonstration at www.equicare.fi (132). 


Summary 


NIHL is insidious and progressive in nature and is invisible. At no 
time is there a sudden noticeable change in hearing. To prevent 
workers from hearing loss several efforts have been made: regula- 
tion of noise exposure, use of personal hearing protectors, and 
establishment of HCP among others. These efforts may be useful 
on a large scale, but still sensitive subjects may become affected by 
noise injury. Several important questions remain to be solved, 
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including genetic susceptibility to noise trauma, individual risk 
factors and their role, and age factors. One of the approaches that 
should be applied to all workplaces is to establish a common data- 
base for hearing conservation. This should include (i) screening of 
workers who may be at a risk of developing NIHL in selected work 
tasks or sites, (ii) warning against excessive noise pollution in 
selected work tasks or sites, (iii) allowing comparative assessment 
of success among various HCPs, and finally (iv) calling to atten- 
tion individual susceptibility. To fulfil these demands, the com- 
mon database must include all known factors that affect hearing 
loss. Such factors are audiometric testing methods, the testing 
environment, the type and use of hearing protectors, and exposure 
to military and leisure time noise. It must provide accurate data 
from lifetime noise exposure in various jobs or work tasks. Finally, 
confounding factors must be controlled, such as genetic inheri- 
tance, elevated blood pressure, the presence of vibration-induced 
white finger syndrome, elevated serum cholesterol level, and use 
of various ototoxic drugs. Such factors can explain a significant 
part of the variation in the extent of hearing loss in individual 
cases. In the present database, we have attempted to include such 
factors known to be relevant for HCP. 


update 


Introduction 


Otosclerosis (OTSC) is a disorder of the bony labyrinth and 
stapes known to affect only humans. It affects the bone home- 
ostasis of the labyrinthine capsule, resulting in abnormal resorp- 
tion and redeposition of bone. This bone dysplasia limited to 
the otic capsule originates in the endochondral bone layer. 
OTSC neither affects other endochondral bones in humans nor 
is found in animals. OTSC is the most important cause of 
chronic progressive conductive hearing loss in adults and a sig- 
nificant cause of progressive sensorineural hearing loss as well 
(1). Conductive hearing loss develops when otosclerotic foci 
invade the stapediovestibular joint (oval window) or round 
window region and interfere with the free motion of the stapes. 
Although the sensorineural hearing loss cannot be corrected, 
stapes microsurgery has proven to be a highly successful means 
to restore normal ossicular conduction and improve hearing 
thresholds. 

Here we present an analysis of the literature concerning the 
phenotypic expression, mode of inheritance, prevalence, age of 
onset, sex ratio, and sporadic cases of OTSC. 


Phenotypic expression 


The diagnostic criteria for OTSC consist of conductive hearing 
loss unrelated to known causes such as the sequelae of Eustachian 
tube dysfunction, trauma, or congenital cholesteatoma. The 
magnitude of the conductive hearing loss is directly related to the 
degree of fixation of the stapes footplate (2,3). The otolaryngol- 
ogist must take into account the physical examination, pure tone 
audiogram, and admittance findings as well as the past medical 
and surgical history. As a rule, the tympanoscopy is normal. 
Sporadically, the otospongiotic focus reveals itself otoscopically 
as a pink or violaceous hue on the promontory (known as 
Schwartz’s sign). Tympanometry demonstrates a normal type A 
or a type As. 


Otosclerosis: a genetic 


The progression of the hearing loss in OTSC may be 
described as follows. At first, only the low frequencies are 
diminished (“stiffness tilt”) due to an enhanced stiffness of the 
tympano-ossicular system. Then, the ossicular chain becomes 
heavier, which gives rise to a flat conductive hearing loss. Often 
an elevation of bone conduction thresholds can be seen, known 
as the Carhart notch. The elevation of the bone conduction 
thresholds is approximately 5dB at 500Hz, 10dB at 1000 Hz, 
15dB at 2000Hz, and 5dB at 4000Hz. Acoustic stapedial 
reflexes are usually absent in full blown OTSC. However, in the 
initial stage of the disease, a biphasic response may be seen, 
known as the on-off effect. The offset in particular is pathologic 
(the onset may be seen in 40% of the normal population). 

The foci of otosclerotic bone are symptomatically quiescent 
until the movement of the stapes is impaired by invasion of the 
stapedovestibular joint (4). Fixation of the stapes as a cause of 
hearing loss was first recognised by Valsalva as early as 1704 (5). 
In 1894, Politzer (6) called this type of ankylosis “OTSC.” In 
1912, Siebenmann’s microscopic examinations (7) showed that 
the lesion apparently began as a spongification of the bone; 
hence, the term “otospongiosis.” In commenting on OTSC, 
Guild (8) emphasised the importance of distinguishing between 
clinical and histological OTSC. “Histological OTSC” refers to 
the disease process without clinical symptoms or manifestations 
that only can be discovered by sectioning of the temporal bone 
at autopsy. “Clinical OTSC” concerns the presence of OTSC at 
a site where it causes conductive hearing loss by interfering with 
the motion of the stapes or of the round window membrane. 
Many otologists believe that OTSC also damages the inner ear to 
cause progressive sensorineural hearing loss (9,10). Although 
Guild (8) failed to establish a correlation between OTSC and 
sensorineural hearing loss, Topsakal et al. recently found a statis- 
tically significant additional perceptive hearing loss component 
in otosclerotic patients as compared to a normal population (1). 
In a histopathological survey of 248 temporal bones with OTSC, 
Kelemen and Alonso (10) found an otosclerotic focus involving 
the cochlear endost in 40% of patients with clinical OTSC. Any 
encroachment of the membranous labyrinth usually occurs in the 
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lateral arcs of each cochlear turn (4). In these areas, the inner 
periosteal layer is deformed, and subjacent atrophy of the spiral 
ligament may be seen (11). However, severe alterations in the 
bony labyrinth and spiral ligament may occur with no observable 
histological alterations in the structures of the cochlear duct (4). 
There does not appear to be a consistent spatial relationship 
between areas of atrophy of the spiral ligament and atrophy of the 
organ of Corti. Several reports correlate the degree of cochlear 
endosteal involvement with the magnitude of the sensorineural 
hearing loss (12-14). According to Hueb et al. (15), there is a 
relation between the size of the foci and the degree of sen- 
sorineural hearing loss. 

The concept of “cochlear OTSC,” that is, pure sensorineural 
hearing loss caused by OTSC of the bony labyrinth without 
stapes fixation, has been the subject of much debate (16). Causse 
and Causse (17) believe that a number of cases with low-, mid-, 
and high-frequency sensorineural hearing loss and a dominant 
mode of inheritance, described as separate syndrome entities by 
K6nigsmark and Gorlin (18), actually represent cochlear OTSC. 
On the other hand, a temporal bone study of patients with pure 
sensorineural deafness of unknown cause has failed to show oto- 
sclerotic foci of significant incidence or size to explain the inner 
ear changes (4,15). 

OTSC usually involves both ears. However, Morrison (19) 
and Cawthorne (20) found unilateral OTSC in 13% and 
Larsson (21) in 15%. Guild (8) reported histologically unilat- 
eral OTSC in 30%. 

Usually low-pitch tinnitus is present. Vertiginous spells or 
dizziness are quite common (25-55%). Three types of ver- 
tigo may exist: (i) attacks of dizziness and mild instability 
(20 minutes—6 hours) with a normal caloric response and no 
visible nystagmus, (i) postural instability, and (iii) Meniériform 
attacks with acute rotatory vertigo with tinnitus enhancement 
and fluctuating hearing loss; the caloric test may be normal or 
diminished and the rotatory chair test is abnormal. Virolainen 
(22) found objective disturbances, in order of frequency, were 
caloric hypoexcitability and elevated thresholds of angular 
acceleration and deceleration, directional preponderance, and 
positional nystagmus. At the initial stages, paracusis Willisii or 
the ability to hear better in a crowd, may be present. 


Histopathological appearance 


Histologically, distinct sites of predilection of this dysplasia 
within the otic capsule exist. The most common site is the 
anterior margin of the oval window [80% according to Guild 
(8)]. Other areas of predilection are the round window niche, 
the anterior wall of the internal auditory canal, and within the 
stapedial footplate (4). OTSC was restricted to the footplate in 
12% of a series reported by Guild (8), and 5% of those studied 
by Rtiedi and Spoendlin (23). 

The otosclerotic lesion is pleomorphic, varying from spon- 
giotic to dense sclerotic bone. The progression of OTSC may be 


divided into four stages (4,24): the common factor is total dis- 
organisation of the lesion that replaces normal bone. 

Resorptive phase (=otospongiosis): The focus of resorption 
arises in the endochondral bone of the otic capsule. The bone 
is replaced with a highly vascular cellular and fibrous tissue. 
This resorption occurs through osteoclastic bone destruction, 
perhaps by vascular obliteration, or by lysosomal enzymes 
secreted by macrophages (25). According to Jorgensen and 
Kristensen (26), the smallest focus that can be detected by light 
microscopy is about 80m in diameter: only at this size is a 
medullary space and vascularised connective demonstrable. 

Early new bone formation: Osteoid and mucopolysaccharide 
deposits within the fibrous tissue matrix produce a dysplastic, 
immature basophilic bone. 

Remodelling: Repetition of the remodelling process of 
resorption and new bone formation: the basophilic bone 
becomes more acidophilic. The bone demonstrates a disordered 
lamellar appearance and is less vascular than in the earlier 
phases. 

Mature phase: Formation of a highly acidophilic bone hav- 
ing a mosaic-like appearance because of irregular patterns of 
resorption and new bone formation associated with the deposi- 
tion of fatty tissue in the marrow spaces. 

These various phases may occur simultaneously in adjacent 
areas of the same focus, or various stages may be found in sepa- 
rate foci within the temporal bone. 

Based on micromorphological studies of the normal develop- 
ment of the human otic capsule in the prenatal period, it has 
been concluded that its bony tissue is highly specialised and 
unique in the human body (27). The otic capsule is completely 
formed at term and the micromorphological organisation of its 
bone undergoes hardly any changes throughout subsequent life. 
The otic capsule differs in this respect from other bones, where 
bone remodelling is continuous and characterised by repetitive 
cycles of resorption and redeposition. According to Frisch et al. 
(28), the otic capsule bone remodelling is spatially organised into 
a distinct perilabyrinthine pattern. All bones within this narrow 
perilabyrinthine zone are completely inactive, including most of 
the primary endochondral bone. Outside this “no-remodelling 
zone,” capsular bone remodelling units are distributed centrifu- 
gally in relation to inner ear spaces. Since OTSC can be defined 
as a defect in the physiologic inhibition of bone turnover at this 
narrow perilabyrinthine zone of “no-remodelling,” the search for 
otosclerotic foci has to be restricted to this area (29). 


Aetiology 


OTSC is generally accepted to be a hereditary disorder, with 
segregation analyses most consistent with autosomal dominant 
inheritance with reduced penetrance (25-40%). OTSC repre- 
sents a heterogeneous group of heritable diseases in which 
different genes may be involved in regulating the bone home- 
ostasis of the otic capsule. It is hypothesised that various gene 


defects allow the physiologic inhibition of bone turnover in the 
otic capsule to be overruled by environmental factors, resulting 
in the localised bone dysplasia known as OTSC (30). Many dif- 
ferent environmental factors have been implicated in the aeti- 
ology of OTSC, including infectious causes such as measles 
virus (31), hormones (related to puberty, pregnancy, and 
menopause) (32), and nutritional factors (fluoride intake) (33). 
About 50% of patients with OTSC report a positive family his- 
tory, with the remainder considered sporadic. 

No gene responsible for OTSC has yet been cloned. How- 
ever, six genetic loci, OTSC1 (OMIM 166800), OTSC2 
(OMIM 605727), OTSC3, OTSC4, OTSC5, and OTSC7, 
have been identified to date, supporting the hypothesis that 
mutations in any of a number of genes may be capable of caus- 
ing the OTSC phenotype (34). Such genetic heterogeneity has 
been well demonstrated for nonsyndromic sensorineural hear- 
ing loss. OTSC1 was mapped to chromosome 15q25-q26 in an 
Indian family in which hearing loss began in childhood and 
penetrance appeared to be complete (35). The OTSC2 locus 
was mapped to a 16cM region on chromosome 7 in a large Bel- 
gian family (36). More recently, the OTSC3 locus was mapped 
on chromosome 6 in a large Cypriot family (37). The defined 
OTSC3 interval covers the human leukocyte antigen (HLA) 
region, consistent with reported associations between HLA- 
A/HLA-B antigens and OTSC (38). The localisation of 
OTSC4 at chromosome 16q21-23.2 in an Israeli family was also 
recently reported (39). OTSC5 has been localised on chromo- 
some 3q22-24 in a Dutch family (40). OTSC7 has recently 
been localized on chromosome 6q13-16.1 in a large Greek 
pedigree (40a). 

The pooled data from two families segregating with the 
OTSC2 locus demonstrated quite variable audiometric config- 
urations with only a limited contribution of age. Even in this 
monogenic form of OTSC, it seems that other modifying fac- 
tors are implicated in the mechanism that triggers the osseous 
change (41). McKenna et al. (42) suggest that mutations in 
COLIAI, similar to those that occur in type-I osteogenesis 
imperfecta, may account for a small percentage of cases of 
OTSC, and that the majority of cases of clinical OTSC are 
related to other genetic abnormalities yet to be identified. Also 
some cases of OTSC and osteoporosis could share a functionally 
significant polymorphism in the Sp1 transcription factor bind- 
ing site in the first intron of the COLIAI gene (43). However, 
Rodriguez et al. (44) found no evidence supporting the putative 
link of COLIAI and COLIA2 genes with OTSC. 

Although genetic and basic histologic patterns have been 
identified in OTSC, there is no definite agreement as to aetiology 
and pathogenesis. Various hypotheses implicate one or more envi- 
ronmental factors including (i) viral involvement, (i) enzymatic 
and cellular reactions, (iii) vascular changes, (iv) infection, radia- 
tion, trauma, or exposure to toxic substances, (v) an autoimmune 
phenomenon, and (vi) metabolic changes. 


1. Studies suggest that mumps and measles vaccines may reduce 
the incidence of OTSC. Particles of viruses have been found 
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in the inner ear bone of those affected by the disorder. 
Niedermeyer et al. (45) used a very sensitive polymerase 
chain reaction technique in assessing the association 
between viruses and OTSC. Evidence showed that the disor- 
der was a measles virus—associated disease. It was concluded 
that the viral infection acts as at least one factor in the devel- 
opment of the spongy tissue. Arnold and Friedmann (46) and 
McKenna and Mills (31) found expression of viral antigens 
within otosclerotic foci. McKenna and Mills (31) showed 
ultrastructural and immunohistochemical evidence of 
measles virus type A (nucleocapsid in osteoblasts and pre- 
osteoblasts) in active OTSC. However isolation and charac- 
terisation of virus from otosclerotic bone has not yet been 
successful. It is not clear if this material came from isolated or 
familial cases. However, an inflammatory response to an 
inciting antigen is proposed (46). 

2. The enzymatic concept of otospongiotic disease has been 
put forward by Chevance et al. (47) in 1972. These authors 
postulated that lysosomal (cytotoxic) enzymes diffusing from 
histiocytes and some osteoclasts into the perilymph are the 
cause of the sensorineural loss as a result of their direct effect 
on the organ of Corti. Fluorides are known to be potent 
inhibitors of lysosomal enzymes (48). They also reduce 
osteoclastic bone resorption and at the same time promote 
osteoblastic bone formation (49). The use of sodium fluoride 
as an enzyme inhibitor to stabilise otosclerotic foci was first 
recommended by Shambaugh and Scott (50) in 1964. Fluo- 
ridation of drinking water has been found to have a benef- 
cial effect on nonoperated otosclerotic ears (51). 

3. Radiation of the cochlear bone induces a lesion similar 
to OTSC and causes recruitment of similar cells in this 
process (52). 

4. Yoo (53) showed the presence of elevated antibody titers to 
type-II collagen and proposed that OTSC is a consequence of 
an autoimmune process against collagen molecules. Accord- 
ing to this author, cartilage rests in the globuli interossei 
become autoantigenic and the response would be genetically 
controlled by the Ir-genes in the major histocompatibility 
loci. Bujia et al. (54) found significant elevated levels of anti- 
bodies to collagen type II and IX. Both research groups claim 
an autoimmune process as the aetiology for OTSC. 

5. Gordon et al. (55) found a significantly lower level of 
mRNA production for stromelysin (an activator of tissue 
collagenase) among individuals with OTSC as compared to 
controls. According to these authors, OTSC could be a 
more generalised connective tissue disorder. 


Epidemiology 


Clinical OTSC is a quite frequent hearing disorder, although 
its exact incidence is unknown. Knowing this however is impor- 
tant for health planning. In Sweden, the clinical incidence has 
recently been estimated (56) as 6.1/100 000. This figure is lower 
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than others reported previously: [12/100 000: Stahle et al. (57); 
13.7/100000: Pearson et al. (58)]. Levin’s estimate (56) was 
based on the number of patients admitted in hospital for 
stapedectomy due to OTSC. The recent decline of OTSC oper- 
ations and hence of the incidence calculations can be explained 
by the overwhelming publicity for stapedectomy and stapedo- 
tomy operations during the fifties, sixties, and seventies. How- 
ever, McKenna (Personal communication, Harold Schuknecht 
meeting, Boston, 1994.) argues that systematic vaccination for 
measles also accounts for the decreased incidence of OTSC. 

Elucidation of the prevalence of OTSC is befogged by the dif- 
ferentiation of clinical and histological OTSC (59). The preva- 
lence of clinical OTSC in the white population has been studied 
by different authors (Table 8.1). In the early studies (2,20,60), no 
attempt has been made to relate the clinical condition to a known 
population at a given time. Clinical OTSC has a reported preva- 
lence of 0.3% among white adults, making it the single most com- 
mon cause of hearing impairment in this population (17). 

The prevalence of histological OTSC has also been studied 
by different authors (Table 8.2). Although its prevalence has 
been estimated as high as 8.3% among white adults (64), in a 
prospective study of Declau et al. (65), only 6 of 236 
temporal bones (2.5%) or 4 of 118 autopsy cases (3.4%) 
revealed otosclerotic foci. Although histology remains the gold 
standard for the evaluation of OTSC, a multitechnique method 
was used to screen for otosclerotic lesions in a cost-effective and 
less time-consuming way. Lesions as small as 1.4mm could be 
detected. There had been no selection of the material in the 
present study that would favour OTSC. On the contrary, previ- 
ous publications were all based on existing laboratory collec- 
tions, which may have contained results biased by the presence 
of cases with hearing loss or other otological diseases. This is 
witnessed by the fact that many of these publications included 
audiometric data recorded during life, questioning the unse- 
lected character of these temporal bone banks. Also many of 
these authors candidly admit that a certain selection had taken 
place when ascertaining the reasons for which the various insti- 


Table 8.1 Prevalence of clinical otosclerosis in the white 
population 


Author Prevalence (%) 
Davenport et al. (60) 0.1-0.25 
Shambaugh (2) 0.5-1 
Cawthorne (20) 0.5 

Morrison (19) 0.2 

Hall (61) 0.3 

Pearson et al. (58) 0.28 
Gapany-Gapanavicius (62) 0.044-0.1 


Ben Arab et al. (63) 0.6 


tutions had sent them the temporal bones for histological inves- 
tigation (65). Having made some allowance for this possible 
error, there is no doubt that histological OTSC (phenotype) 
occurs in the absence of clinical OTSC (genotype). 

According to the figures of Guild (7), 15% of temporal bones 
with histological OTSC showed ankylosis of the stapediovestibu- 
lar articulation. In Altmann’s review on histological OTSC (64), 
12% of the temporal bones with histological OTSC had stapedial 
fixation. Although the prevalence figure of 2.5% is strikingly 
lower than previously published figures on histological OTSC, it 
correlates well with the extrapolated data based on clinical stud- 
ies of otosclerotic families. If this prevalence figure is used to cal- 
culate by extrapolation the prevalence of clinical OTSC, the 
calculated figure of 0.30 to 0.38% correlates well with the clini- 
cal data of otosclerotic families (clinical prevalence = 0.3%). 

The female-to-male ratio was approximately 7 to 6. 

OTSC is predominantly a Caucasian disease and follows 
their geographic distribution throughout the world. OTSC is 
quite rare among Blacks, Orientals, and American Indians (64). 

One possible exception is that of the Todas, an isolate in 
South India. The prevalence of what appears to be OTSC 
(there is no histological confirmation) in these people is about 


17% (64a). 


Age of onset 


The age of onset of OTSC varies from the first through fifth 
decades of life, most commonly presenting in the third decade. 
About 90% of affected persons are under 50 years of age at the 
time of diagnosis. The exact age of onset is difficult to deter- 
mine, since a patient may not become aware of a hearing 
impairment for a number of years. Based on the similar findings 
of Davenport (60), Larsson (21), and Morrison (19), the greatest 


Table 8.2 Prevalence of histological otosclerosis in the white 
population 


Author Number of Number of — Prevalence 
temporal bones _ cadavers (%) 
studied 

Weber (66) ? 200 11 

Engstrém (67) 145 100 12 

Guild (7) ? 518 8.3 

Jorgensen and 237 155 11.4 

Kristensen (26) 

Schuknecht and 734 ? 44 

Kirchner (68) 

Hueb et al. (15) 144 ? 12.75 

Declau et al. (65) 236 118 2.5 


period of risk can be determined between 11 and 45 years. 
Cawthorne (20) reported that 70% of patients with clinical 
OTSC first noticed the hearing losses between the age of 11 
and 30. Deafness interpreted as OTSC and beginning as early 
as age five in some cases was described by Kabat (69). The age 
of onset is similar in males and females. There is also a striking 
similarity within families and especially within sibships. On the 
other hand, Morrison (19) found a tendency towards an earlier 
age of onset with succeeding generations (anticipation). 


Mode of inheritance 


The first pedigrees in which the transmission of OTSC from gen- 
eration to generation was demonstrated were published by Ham- 
merschlag (70), Korner (71), Albrecht (72), and Bauer and Stein 
(73). Albrecht (72) concluded that OTSC is due to a simple dom- 
inant factor, but Bauer and Stein (73), with larger material and 
more sophisticated statistical methods, postulated a double auto- 
somal recessive mode of inheritance. These early 20th century 
studies show a lot of bias due to inadequate otologic diagnosis, 
especially in secondary cases, and improper selection strategies. 

The majority of the more recent studies on OTSC 
(17,19,21,62) indicate an autosomal dominant mode of inheri- 
tance. The monogenic forms of OTSC also demonstrate an 
autosomal dominant mode. These studies have included all 
patients without regard to family history, age, or prior therapy. A 
firm clinical diagnosis was made by otoscopic and audiometric 
analysis and also to a large extent by surgery. Exclusion of phe- 
notypes has also been done. Bias of ascertainment has been cor- 
rected using Weinberg’s proband method (74) (omission of the 
proband and inclusion of the sibship each time it is ascertained) 
for correcting incomplete multiple ascertainment. The expected 
frequencies of affected individuals for autosomal dominant traits 
were compared with the observed frequencies for relatives of 
otosclerotics. Many families had transmission of OTSC through 
three or more generations. Analysis of families with secondary 
cases outside the sibship of the proband revealed that they 
inherited the gene from only one side of the family. In the off- 
spring of two affected parents, no accelerated or early onset cases 
were detected. There is no evidence for a phenotypical differ- 
ence between the heterozygous and homozygous state. 

The assumption of autosomal dominant inheritance is 
based on the existence of particular pedigrees. However, it may 
be difficult to draw definite conclusions from isolated pedigrees 
for the following reasons (75): (i) Individual families may 
demonstrate exceptions to the rule. They may have attracted 
attention by noteworthy accumulations of secondary cases or 
particularly serious cases (21). (ii) Individual pedigrees may 
mimic a mode of inheritance, especially if a carrier state, 
incomplete penetrance, or variable expressivity exists. (wi) 
More than one mode of inheritance may be responsible for a 
given disease (as in retinitis pigmentosa). (iv) A given entity 
may actually represent a heterogeneous group of diseases. 
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Modifying genes and environmental factors are likely to 
play a role in the expression or penetrance of OTSC and may 
be responsible for the high degree of variability between fami- 
lies. This is in no way inconsistent with the accepted autosomal 
dominant mode of inheritance (19). Ben Arab et al. (63) pos- 
tulated an autosomal dominant major gene with a high poly- 
genic component. 

Other modes of inheritance are highly unlikely as can be 
concluded from the detailed mathematical analyses of Larsson 
(21) and Gapany-Gapanavicius (62). Autosomal recessive 
inheritance is unlikely given the presumed degree of pene- 
trance, but cannot absolutely be ruled out. Digenic inheritance 
has been claimed by several authors: two autosomal recessive 
genes (73), an autosomal dominant and an X-linked dominant 
gene (60), or an autosomal recessive and an X-linked dominant 
gene (76). It is relatively easy to create an ad hoc hypothesis to 
fit existing data with such models, but this type of inheritance 
is quite uncommon in humans and the models do not convinc- 
ingly explain the overall epidemiology of OTSC. 


Penetrance 


Larsson (21) and Morrison and Bundey (77) explained that the 
degree of penetrance represents the percentage of patients with 
histologic OTSC in whom the otosclerotic foci interfere with 
the hearing mechanism. In the monogenic forms, a high degree 
of penetrance can be found (41): 50% for OTSC 1 and 100% 
for OTSC 2. In pedigree studies however, the degree of pene- 
trance is much lower. Two methods for determining the degree 
of penetrance of OTSC have appeared in the literature. Morri- 
son (19) and Causse and Causse (17) calculated the difference 
between observed and expected ratios in relatives of otoscle- 
rotics. In both cases, the authors concluded that penetrance 
approximated 40%. Larsson (21) calculated a penetrance of 
25% by applying a formula devised by Weinberg (74) to Guild’s 
postmortem material (7). His study has been criticised by Gor- 
don (75), who pointed to a number of unwarranted assumptions 
in the method and deficiencies in the data. 


Sporadic cases 


According to most studies (Table 8.3), the percentage of iso- 
lated cases ranges from 40% to 50%. 

According to Morrison and Bundey (77), the presence of 
isolated cases can be explained as follows: 


1. Isolated cases of OTSC may be phenocopies of the disease. 
Without surgical exploration, it may be difficult to exclude 
acquired or congenital ossicular fixations or defects. 

2. New mutations may account for a small fraction of these 
isolated cases [Morrison (19) suggested the mutation rate is: 
50 x10‘). 
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Table 8.3 Frequency of sporadic cases with clinical otosclerosis 


Author % Isolated cases 
Nager (78) 42 

Cawthorne (20) 46 

Shambaugh (2) 44.5 

Larsson (21) 49 

Morrison (19) 30 
Gapany-Gapanavicius (62) 48.4 


3. Given the reduced penetrance of 25% to 40%, it would 
seem reasonable to suppose that sporadic cases are due to 
nonpenetrance in other family members (though they 
might be expected to have histological OTSC). However, 
the incidence of histologic OTSC exceeds the incidence of 
clinical OTSC by far more than can be accounted for by 
accepted penetrance figures alone. Therefore, Morrison and 
Bundey (77) proposed that these isolated cases might have 
an alternate mode of inheritance, so that clinical OTSC 
could be explained by more than one genetic mechanism. 
They calculated the theoretical prevalence of histological 
OTSC on the assumption that isolated cases follow reces- 
sive inheritance, while the familial cases follow dominant 
inheritance. According to their theory, the homozygous 
state would produce clinical OTSC, while the heterozygous 
“carrier” state might result in areas of histological OTSC 
without stapedial ankylosis. The frequency of histological 
OTSC was the sum of the heterozygous recessive state, the 
dominant genotype (as seen in pedigrees), and (the less sig- 
nificant) mutation rates for each mode of inheritance. It 
was estimated as 6.145%, close to the frequency recorded by 


Guild (7) (8.3%). 


There is no evidence that the hearing loss in sporadic 
OTSC is of greater severity than in the obvious hereditary cases 
(19). However, in contrast to familial cases, there is a consistent 
tendency for later birth ranks to be associated with more cases 
of OTSC. Both maternal and paternal ages do not differ from 
the expected. So this tendency must be due to either parity or 
environmental factors. The sex ratio in sporadic cases is exactly 
equal. According to Larsson (21), there is a lower morbidity risk 
for siblings of probands. He explains this finding as follows: (i) 
There exists a lower degree of penetrance, owing to modifying 
genes. (ii) It is also possible that they follow a different mode of 
inheritance. (iii) An admixture of environmental factors can 
also not be excluded. 


Sex ratio 


Investigations of the occurrence of histological OTSC have 
not shown any significant sex disparity (7,66,67), whereas it is 


common knowledge among otologists that clinical OTSC is 
encountered more frequently in females than in males. Inter- 
estingly, as regards the occurrence of stapes ankylosis in those 
cases of histological OTSC, the males predominate (21). A sex 
ratio in clinical OTSC of about 2F:1M has been noted by many 
authors (2,19-21,60,73,78,79). This circumstance may indicate 
that OTSC manifests itself clinically in a higher percentage of 
females than males (21). This impression is partly given by the 
increasing proportion of females in any population of advanc- 
ing years, coupled with the increasing disability of otosclerotic 
deafness with the passage of time. There is no obvious differ- 
ence in the age of onset between males and females nor their 
hearing loss at the time of consultation. However the progres- 
sion of the hearing loss is greater in females than in males dur- 
ing the first 20 years of the disease (21) (10dB +). Also at 
surgical intervention, the pathological process of ankylosis of 
the stapes is more advanced (19). Unilateral OTSC is more 
common in males [20% in men vs. 9% in women (19)]. The 
apparent sex disparity has been ascribed to hormonal factors, 
particularly pregnancy (20,78,79). On the other hand, the par- 
tial sex limitation with regard to clinical OTSC mainly relates 
to probands, while among unselected secondary cases, the sex 
ratio becomes exactly equal (77). If Weinberg’s ascertainment 
method is used to cope with the ascertainment bias, than the 
sex ratio in complete sibships becomes almost equal. Gristwood 
and Venables (80) calculated the likelihood that female 
patients with bilateral OTSC would report worsening of their 
hearing during pregnancy. Their results ranged from 33% after 
one pregnancy to 63% after six pregnancies. Schaap and 
Gapany-Gapanavicius (81) found in the Lithuanian population 
another explanation for the observed increase in frequency of 
clinical OTSC in females. They found a distorted sex ratio of 
offspring (both affected and normal) in the matings of a normal 
parent with a parent with OTSC. Moreover, a considerably 
higher frequency of OTSC was found in the female than in the 
male offspring (36.5% vs. 20.2%). Schaap and Gapany- 
Gapanavicius (81) explained this finding as an intrauterine 
selection against heterozygous or hemizygous males. In the 
families with at least one affected male, however, the morbidity 
risk was again equal. However, James (82) does not accept 
this hypothesis because a disparity in sex ratio should be present 
in sibs as well as in the offspring. Since it is not, there has to be 
another explanation. According to this author, the familial 
pattern of female selection could be related to steroid 
hormone metabolism. This distorted sex ratio in the offspring is 
not a universal finding: both Larsson (21) and Morrison 
(19) found an almost equal sex ratio after applying Weinberg’s 
correction. 


Conclusion 


We suggest that OTSC represents a heterogeneous group of 
heritable diseases in which different genes may be involved in 
regulating the bone homeostasis of the otic capsule. It is 


hypothesised that in response to various gene defects, the 
physiologic inhibition of bone turnover in the otic capsule is 
overruled due to a greater susceptibility to environmental 
factors, resulting in a localised bone dysplasia known as OTSC. 
Search for huge OTSC families with at least 12 positively iden- 
tified cases is warranted, so that a genome search within each 
family becomes possible. However, such families are rare. Since 
the age of onset of OTSC is delayed, multiple generations of 
subjects with clinical OTSC are usually not available for study. 
Consequently, it has been difficult to identify large families with 
a sufficient number of affected persons to allow adequate 
statistical power for genetic linkage analysis. Nonparametric 
methods (e.g., affected sibling pair or affected pedigree mem- 
ber) could be employed, but under an assumption of genetic 
heterogeneity, it is likely that hundreds of relative pairs 
affected with OTSC would be required to have sufficient power. 
Smaller families may only be informative if OTSC patients 
are present with associated chromosomal or additional 
abnormalities. 

A candidate gene approach, while feasible, would be quite 
labour-intensive, given the large number of candidate genes 
with a large number of exons. Even if DNA analysis of the 
exons revealed no mutations, it may be impossible to rule out a 
gene. A mutation in an intron may interfere with mRNA splic- 
ing, or a mutation in a remote enhancer may otherwise reduce 
expression. Moreover, the diagnosis of OTSC is befogged by the 
differentiation of clinical and histological OTSC: Clinically 
unaffected members cannot be considered as genetically 
unaffected due to the limited penetrance and the variable 
expression. A genetic susceptibility may be harder to recognise 
when penetrance is reduced, syndromic features are subtle, and, 
by chance, all siblings and/or children may be unaffected. Also 
in family members with only perceptive hearing loss, we fail to 
discriminate these individuals with cochlear OTSC from those 
with other types of genetic hearing loss. 
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Mitochondrial DNA, 
hearing impairment, 


and ageing 


Introduction 


In recent years, inherited mutations in mitochondrial DNA 
(mtDNA) have been discovered to be associated with a variety 
of human diseases. mtDNA mutations can be thought of as 
forming a continuous spectrum from neutral (or even advanta- 
geous) polymorphisms through mildly or moderately deleterious 
changes to clearly pathological mutations, with devastating dis- 
ease phenotypes. Supposedly neutral mtDNA polymorphisms, 
which have accumulated sequentially along radiating maternal 
lineages as the result of mtDNA evolution, define the mtDNA 
haplotypes of modern-day populations. In the recent years, hap- 
logroup-defining polymorphisms have been suggested to con- 
tribute to the multifactorial aetiologies of many late-onset 
degenerative disorders by acting as “risk factors” that predispose 
individuals of certain mtDNA haplogroups to these diseases. 
Deleterious mtDNA mutations, on the other hand, have been 
found to be directly responsible for a wide range of phenotypes, 
most often by compromising the function of the mitochondrial 
oxidative phosphorylation (OXPHOS) system in individual 
cell types, tissues, or whole organisms. In addition to inherited 
mtDNA _ mutations, somatically acquired mutations and 
rearrangements have been shown to accumulate within many 
tissues during ageing. Such accumulation may lead to a pro- 
gressive decline in energy production and the overall function 
of the tissue, thereby precipitating the onset of many age- 
related degenerative diseases. Lastly, mtDNA mutations rarely 
act alone, and the clinical presentation of a mitochondrial 
disease is often the result of the interplay between the mito- 
chondrial and the nuclear genomes as well as various environ- 
mental factors. 

Among this diverse spectrum of diseases, mtDNA muta- 
tions are recognised as one of the most frequent causes of familial 


hearing disorders. Inherited mtDNA mutations have been 
identified in both syndromic and nonsyndromic hearing loss as 
well as in predisposition to aminoglycoside-induced ototoxicity 
(1). However, most of the previous studies have been limited to 
cases of early-onset deafness, which has been recently shown to 
be genetically distinct from age-related hearing impairment 
(ARHI) (2). The possible involvement of the mtDNA geno- 
type in ARHI, one of the most common age-related sen- 
sorineural defects, remains controversial. 

In this review, we briefly summarise current knowledge 
concerning the mitochondrial genetic system, discuss the 
relationship between mtDNA genotype and defined hearing 
disorders, and evaluate the evidence for possible mtDNA 
involvement in ARHI. 


mtDNA and disease 


Mitochondria 


Structure and organisation 

Mitochondria are cytoplasmic organelles that have a variety of 
functions in the cell, the most important being the synthesis of 
adenosine triphosphate (ATP) by OXPHOS. Mitochondria are 
present in all cell types except mature erythrocytes. A typical 
human cell has several hundred up to a thousand mitochondria, 
the exact number depending on the metabolic activity and 
energy requirements of the tissue. Mitochondria can also vary 
in shape, size, and location depending on the cell type and 
tissue function. Rather than isolated individual entities, 
mitochondria are thought to exist in the cell as a dynamic 
network, with constant fusion and fission events. 
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A mitochondrion has two membranes, the outer membrane 
that surrounds the organelle and the inner membrane that is 
folded into structures called cristae to maximize its surface area. 
The compartment between the outer and the inner membranes 
is called the intermembrane space (IMS). The outer membrane 
contains large transmembrane channels composed of the protein 
porin, and the membrane is readily permeable to ions and most 
molecules smaller than 5kDa. The inner membrane in turn is 
impermeable to most small ions and molecules including pro- 
tons and specific transporters are required for these species to 
cross the inner membrane. Embedded in the inner membrane 
are the enzymes involved in OXPHOS, namely, the complexes 
of the respiratory chain (I to IV), the ATP synthase (complex 
V), and the adenine nucleotide translocator (ANT). Enclosed 
by the inner membrane is the mitochondrial matrix, which is an 
aqueous solution containing a number of metabolic enzymes 
including those involved in the tricarboxylic acid cycle (TCA 
cycle), the B-oxidation pathway, the pathways of amino acid 
oxidation, and the oxidation of pyruvate (the pyruvate dehydro- 
genase complex), as well as a multitude of different intermedi- 
ates of energy metabolism. Also found in the matrix are several 
copies of the circular mtDNA, the mitochondrial ribosomes, the 
transfer RNAs (tRNAs), and the various enzymes required for 
the maintenance, transcription, and translation of the mito- 
chondrial genome. Many of these components of the matrix are, 
however, intimately associated with the inner membrane. 


The role of mitochondria in energy metabolism 
The most important function of mitochondria in the cell is the 
production of ATP by OXPHOS. In aerobic organisms, OXPHOS 
is the final stage of energy-yielding metabolism, where all oxida- 
tive steps in the degradation of carbohydrates, fats, and amino 
acids converge. The mitochondrial matrix contains all the 
pathways of substrate oxidation except glycolysis, which takes 
place in the cytosol. Specific transporters carry pyruvate (pro- 
duced from carbohydrates by glycolysis), fatty acids (from 
triglycerides), and amino acids or their a-keto derivatives (from 
protein breakdown) into the matrix to be further converted 
into the two-carbon acetyl group of acetyl-CoA by the pyruvate 
dehydrogenase complex, the B-oxidation pathway and the 
pathways of amino acid oxidation, respectively. The acetyl 
groups are taken up by the TCA cycle, which enzymatically 
oxidizes them to CO). The energy released by the oxidation is 
conserved in the reduced forms of freely diffusible electron car- 
riers, nicotinamide adenine dinucleotide (NADH) and flavin 
adenine dinucleotide, reduced form (FADH,), which in turn 
can pass the high-energy electrons to the respiratory chain (3). 
The protein complexes of the respiratory chain are located 
within the inner membrane. Each of the complexes is assem- 
bled from multiple subunits, which, apart from complex II, 
include subunits encoded by both the mitochondrial and the 
nuclear genomes. Subunits of the complexes include proteins 
with prosthetic groups capable of accepting and donating either 
one or two electrons, thus forming a series of sequentially act- 
ing electron carriers. High-energy electrons are first transferred 


from NADH to complex I (NADH dehydrogenase) and then to 
ubiquinone (Q), whereas the electrons from succinate are 
passed to ubiquinone via complex II (succinate dehydroge- 
nase), the only membrane-bound enzyme of the TCA cycle. 
Similarly, the glycerol 3-phosphate dehydrogenase on the outer 
face of the inner membrane and the FAD-containing enzymes 
of the fatty acid oxidation, both bypass complex I by delivering 
the reducing equivalents directly to ubiquinone. From 
the reduced form of ubiquinone, QH,, the electrons are trans- 
ferred to complex HI (ubiquinone:cytochrome c oxidoreduc- 
tase), which carries them to cytochrome c. Complex IV 
(cytochrome c oxidase) completes the process by transferring 
the electrons from cytochrome c to molecular oxygen, which is 
reduced to H,O. 

The oxygen consumption of the electron transport chain 
(ETC) is coupled with the phosphorylation of adenosine 
diphosphate (ADP) through an electrochemical gradient (4). 
The energy released in the process of electron transfer is effi- 
ciently conserved in the form of a proton gradient across the 
inner mitochondrial membrane. Protons are pumped from the 
matrix to the IMS by complexes I, III, and IV. For each pair of 
electrons that are transferred to O,, 4H” are pumped out by 
complex I, 4H” by complex III, and 2H” by complex IV, result- 
ing in the formation of an electrochemical gradient (AW) 
across the inner membrane. The flow of protons down this 
gradient back to the matrix side creates a proton-motive force, 
which is used to drive the synthesis of ATP from ADP and inor- 
ganic phosphate (P;). This reaction is catalysed by the enzyme 
complex ATP synthase, which has two multimeric components, 
an integral membrane component Fo, which forms the proton 
channel, and a peripheral membrane protein F,, providing the 
active sites for the ATP synthesis. 

In addition to providing the energy for ATP synthesis, the 
proton-motive force is also responsible for driving the transport 
of substrates, ADP and P, into the mitochondrial matrix, and 
the product, ATP, out to the cytosol. The exchange of the ionic 
forms of ADP* and ATP* is carried out by the antiporter, 
ANT, dissipating some of the electrical gradient. The P, in turn 
is imported by a membrane symporter phosphate translocase in 
the form of H,PO, . For each H,PO, , one proton is moved into 
the matrix, thereby consuming the proton gradient. A summary 
of the components essential for the process of OXPHOS is 
shown in Figure 9.1. 


The mitochondrial genome 


Compelling evidence exists for the theory that the energy- 
converting organelles of present-day eukaryotes evolved from 
aerobic bacteria in an endosymbiotic process about two to three 
billion years ago (5,6). The structure and lipid composition of 
the mitochondrial double membrane as well as the existence of 
the circular mitochondrial genome and tRNAs and ribosomal 
RNAs (rRNAs) of the mitochondria-specific transcription and 
translation systems that resemble those of prokaryotes support 
the hypothesis that mitochondria originate from aerobic 
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Figure 9.1 Electron transport chain complexes (I-IV) 
and the ATP synthase (V). Abbreviations: Q, ubiquinone; 
QH,, reduced form of ubiquinone; ADP, adenosine 
diphosphate; ATP, adenosine triphosphate. 


bacteria, which were engulfed by primitive eukaryotic cells (7). 
Being capable of aerobic energy production, the endosymbiont 
can be assumed to have provided an obvious metabolic advan- 
tage to the host. The initial uptake event has been followed 
over time by sequential transfer of the genes of the organelle to 
the developing nucleus of the host cell. As a consequence, pre- 
sent day mitochondria have lost much of their own genome and 
become heavily dependent on the nucleus for its gene products. 
In fact, out of the estimated 1500 polypeptides of the mito- 
chondrial proteome (8), only 13 are encoded by their own 
DNA. Despite their small number, however, the gene products 
of mtDNA have fundamental and essential functions in the 
energy metabolism of eukaryotic cells. 

Each mitochondrion contains | to 11 copies of the circular, 
double-stranded mtDNA molecule, the average being esti- 
mated at about two genomes per organelle (9). In humans, each 
mtDNA molecule is 16,569 base pairs long and contains 13 
genes-encoding subunits of the OXPHOS system as well as the 
genes for the two (12S and 16S) rRNAs and 22 tRNAs essen- 
tial for the mitochondrial protein synthesis machinery. The 
human mtDNA Cambridge Reference Sequence, published in 
1981, was the first component of the human genome to be com- 
pletely sequenced (10). The two strands of the mtDNA differ in 
base composition and can be separated by denaturing cesium 
chloride gradient centrifugation. The guanine-rich strand 
encoding 12 of the 13 polypeptide encoding genes, 14/22 of the 
tRNA genes, and both of the rRNA genes is named the heavy 
strand, while the other, cytosine-rich strand is called the light 
strand. Due to the absence of introns and the contiguous organ- 
isation of the coding sequences, the human mtDNA is a very 
small and compact genome. Some genes overlap each other, 
and some of the termination codons are not even encoded in 
the genome but are generated posttranscriptionally by 
polyadenylation (11). The only substantial noncoding segment 
of the mtDNA is the displacement loop (D-loop) region 
(nt 16104-16191), which is thought to contain the proposed 
origin of replication as well as the promoters for heavy- and 
light-strand transcription (Py, P,) (Fig. 9.2). 
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Figure 9.2 Organisation of the human mitochondrial genome. Transfer RNA 
genes are denoted by the single letter abbreviation for the amino acid they 
carry. Source: From Ref. 12. 


mtDNA exists as protein-DNA complexes called nucleoids, 
which can be detected by confocal microscopy as distinct spots 
within the mitochondrial networks (13). Each nucleoid is 
believed to contain several copies of the mtDNA as well as pro- 
teins required for the maintenance and replication of the 
genome. They have also been suggested to be the unit of mtDNA 
inheritance (14). However, the exact role, molecular composi- 
tion, and dynamics of the nucleoids remain to be elucidated. 
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mtDNA is replicated and transcribed within the mito- 
chondrion but it is completely reliant on nuclear-encoded pro- 
teins for its maintenance and propagation. Replication of the 
mitochondrial genome continues throughout the lifespan of an 
organism, in both proliferating and postmitotic cells. The 
mtDNA had originally been thought to replicate by a bidirec- 
tional and asynchronous mechanism (15) in which the synthe- 
sis of DNA initiates at two distinct origins. According to this 
model, heavy strand synthesis starts from the so-called origin of 
heavy-strand, Oy, and proceeds two-thirds of the way around 
the circular molecule, displacing the parental strand until the 
light-strand origin, O,, is exposed. Light-strand synthesis is 
then initiated and proceeds in the opposite direction along the 
heavy-strand template. 

However, evidence from the analysis of two-dimensional 
agarose gel electrophoresis of replication intermediates has 
suggested an alternative model in which two mechanisms of 
DNA replication may exist simultaneously (16). In addition to 
the asymmetric asynchronous mechanism, another more con- 
ventional mechanism has been proposed, where the synthesis of 
the leading and lagging strand are coupled. In this case, the 
synthesis would start from a single origin and proceed unidirec- 
tionally around the circular genome, and the lagging strand 
would have to be synthesised in short Okazaki-like fragments. 
Unlike the strand-asynchronous replication, which is thought 
to work mainly in the maintenance of a constant-copy number 
of the mitochondrial genome, the synchronous mechanism 
would involve frequent lagging-strand initiation and be the pre- 
dominant mode of replication in conditions for which efficient 
mtDNA amplification is required (16). Recent data suggests, 
however, that instead of a single origin of replication, the repli- 
cation of mtDNA may initiate from multiple origins across a 
broader initiation zone, proceed first bidirectionally, and only 
after fork arrest near Oy, be restricted to one direction only (17). 

The machinery responsible for mtDNA replication is 
known to include several nuclear-encoded proteins, only four of 
which have been well characterised: the actual DNA poly- 
merase of mtDNA called DNA polymerase gamma (POLG) 
and its accessory subunit (18,19), the mitochondrial single- 
stranded DNA-binding protein (20), and the transcription fac- 
tor A of mitochondria (TFAM) (21,22). Other proteins with a 
suggested role in mtDNA replication and maintenance include 
Twinkle, a putative mtDNA helicase (23). 

The human mitochondrial genome is transcribed by the 
mitochondrial RNA polymerase (24), assisted by mitochondr- 
ial transcription factors, all of which are nuclear-encoded pro- 
teins. mtDNA is transcribed as long polycistronic transcripts 
from two heavy-strand promoters (P;) and one light-strand 
promoter (P,) (25). tRNA sequences, which are scattered 
around the genome, provide structural signals for RNA pro- 
cessing. They fold within the transcripts and are cleaved out, 
after which the precursors of tRNAs and released mRNAs and 
tRNAs undergo posttranscriptional processing (11). An RNA 
transcript from the P, is also proposed to act as a primer for the 
mtDNA synthesis (26), thus functionally coupling mtDNA 


transcription with replication of the genome and explaining why 
defective mtDNA transcription may also affect replication (27). 

The 13 mitochondrially encoded mRNAs are translated 
into polypeptides on the mitochondrial ribosomes, using a 
mitochondrion-specific genetic code, which differs slightly from 
that used in the nucleus. These proteins, assembled into func- 
tional complexes together with more than 60 nuclear-encoded 
subunits, form four of the five enzyme complexes that are 
required for OXPHOS (complex II consists solely of subunits 
encoded by nuclear genes). In addition to the majority of sub- 
units of the OXPHOS complexes, all the metabolic enzymes, 
ribosomal proteins, DNA and RNA polymerases, and other 
proteins involved in mtDNA maintenance, RNA synthesis and 
translation, as well as protein import and turnover are encoded 
by nuclear genes, synthesised on cytoplasmic ribosomes, and 
imported posttranslationally into mitochondria. 


Special features of mitochondrial genetics 


Due to the cytoplasmic location and high copy number of the 
mitochondrial genome, mitochondrial genetics has several 
unique features that are essential for understanding the origin 
and transmission of mitochondrial diseases. Some of these 
characteristic features are discussed below. 


Maternal inheritance 

mtDNA is transmitted exclusively through the maternal line 
(28). The sperm cell contributes a small number of mitochon- 
dria to the fertilised egg but these mitochondria seem to be 
eliminated at the early stages of embryogenesis by a mechanism 
that is not currently well known but is suspected to involve the 
ubiquitin-proteosome pathway (29). Apart from one reported 
exception, a patient with severe mitochondrial disease, there is 
no evidence of paternal inheritance of mt DNA under normal 
conditions of fertilisation (30). Maternal inheritance is there- 
fore a characteristic feature of mitochondrial disease pedigrees. 
In addition, it is one of the factors that make mtDNA a partic- 
ularly useful tool in human evolutionary studies. 


High mutation rate 

Mitochondria are suspected to lack some of the efficient DNA- 
repair mechanisms that are present in the nucleus. There may 
also be a lack of proteins to physically package and protect 
mtDNA in a manner analogous to the histones in the nucleus, 
although the TFAM could fulfill such a role, at least to some 
extent. If the mtDNA is exposed to the deleterious effects of 
various mutagenic agents, including the endogenous reactive 
oxygen species (ROS), which are generated as a by-product of 
OXPHOS, it could be especially susceptible to damage. Fur- 
thermore, mtDNA molecules are attached to or located in close 
proximity with the inner mitochondrial membrane, which is 
the primary site of oxygen radical generation. These reasons are 
proposed to account for the unusually high mutation rate of the 
mtDNA, which has been estimated to be up to 10 to 20 times 
as fast as that of the nuclear DNA (31). Because of the highly 
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compact organisation and lack of introns and intergenic regions 
in the mtDNA, the relative mutation frequency affecting the 
coding regions can be thought to be even higher. As well as a 
variety of pathological mutations identified in the mtDNA, the 
fast mutation rate has also resulted in the accumulation of 
neutral polymorphisms throughout the genome. Most of these 
sequence variants are located within the fast-evolving, noncod- 
ing region of the mtDNA (the D-loop), and the rate of accumu- 
lation of mtDNA point mutations can be used as a “molecular 
clock” when determining evolutionary events and relationships. 


Heteroplasmy and replicative segregation 
In human cells, mtDNA is present in 10° to 10° copies per cell 
(32), depending on the cell type, and generally, all of these 
copies are identical. When an mtDNA mutation arises, how- 
ever, an intracellular mixture of mutated and nonmutated 
mtDNA molecules is created. This condition is referred to as 
heteroplasmy as opposed to homoplasmy in which the individ- 
ual shows only a single mitochondrial genotype with respect to 
a given nucleotide (nt) position. At each mitotic or meiotic cell 
division, the individual mitochondria and mtDNAs are 
believed to be randomly distributed to the daughter cells, and 
the percentage of mutant versus normal molecules in a cellular 
lineage may drift toward either pure mutant or pure wild type 
over many cell generations, a process known as replicative seg- 
regation (33). However, at least in some cell types, the process 
has been suggested to be constrained in some way (14). 
Replicative segregation in the female germ line can result 
in variable proportions of mutant mtDNA being transmitted 
from the mother to the offspring, and the genetic drift may be 
quite rapid. Large variations in the percentage of mutant 
mtDNA between generations are believed to be due to a so- 
called “genetic bottleneck,” which occurs during early embryo- 
genesis (34). In the first cell divisions of a fertilised zygote, prior 
to blastocyst formation, there is no biogenesis of mitochondria. 
Instead, the existing pool of mitochondria and mtDNA (about 
1-2 X 10° copies) is distributed along with the cytoplasm to the 
daughter cells, resulting in a dramatic reduction in the mtDNA 
copy number in the cells of the blastocyst, including those des- 
tined to become the female germ line (35). At later stages of 
oogenesis, this pool is amplified up to 1000 times to reach the 
normal high copy number of a mature oocyte. Because of this 
bottleneck, the resulting mtDNA pool originates from a very 
small number of mtDNA molecules, introducing a large in vivo 
sampling error. Ifa mutant mtDNA is acquired by the germ-line 
progenitors, the proportion of the mutant mtDNA may 
increase dramatically. If such an oocyte ends up being fertilised, 
this increased proportion of mutant mtDNA is passed on to the 
offspring, and the mtDNA genotype can shift to virtually pure 
mutant in just a few generations. 


Mitochondrial disease 


A growing number of human diseases can be attributed to 
mutations in mtDNA. These mutations can affect any of the 
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13 mitochondrially encoded polypeptides of the OXPHOS sys- 
tem or the rRNAs and tRNAs required for the mitochondrial 
protein synthesis. In addition to the over 50 different patholog- 
ical mtDNA point mutations that have been identified to date, 
large-scale rearrangements of mtDNA have been found in 
tissues of patients suffering from neuromuscular disorders of 
varying severity. These include both sporadically occurring het- 
eroplasmic deletions and duplications such as those seen in the 
Kearns—Sayre syndrome (KSS) (36) as well as the rare forms of 
inherited diseases in which the multiple mtDNA deletions are 
due to a nuclear defect, for example, POLG mutations in pro- 
gressive external ophthalmoplegia (PEO) (37). A large number 
of other mitochondrial diseases are due to mutations in the 
nuclear genes, encoding either the subunits of the respiratory 
chain complexes or the large number of proteins involved in 
the maintenance and expression of the mitochondrial genome 
(38). Many of these defects are not yet characterised at the 
molecular level but can be defined in terms of the biochemical 
consequences and distinguished from mtDNA defects by 
the Mendelian transmission of the phenotypes. In addition to 
causative mutations, supposedly neutral polymorphisms defin- 
ing the mtDNA haplotype have been proposed as genetic risk 
factors or possible modifiers of the phenotypic expression of var- 
ious disorders. Finally, somatic point mutations in the mtDNA 
are known to accumulate with age and have been linked to the 
pathogenesis of many degenerative diseases. 


Pathological mtDNA mutations 

Except where arising as new mutations, pathological mtDNA 
mutations are invariably inherited through the maternal line 
and can occur in genes encoding the mitochondrial tRNAs, 
tRNAs, or the mitochondrially encoded subunits of the respira- 
tory chain complexes. Because of the biochemical and genetic 
complexity of the OXPHOS system, the mitochondrial disor- 
ders can present with an exceptionally wide spectrum of clinical 
symptoms, making systematic classification of mitochondrial 
diseases very challenging. The phenotypes range from lesions of 
single tissues or structures such as the optic nerve in Leber 
hereditary optic neuropathy (LHON) or the cochlea in mater- 
nally inherited nonsyndromic deafness to more widespread 
lesions including myopathies, encephalomyopathies, cardiomy- 
opathies, or complex multisystem syndromes (39). The molecular 
background of some syndromes is fairly well established, 
whereas others are defined only on the basis of clinical, 
morphological, or biochemical findings. Curiously, the same 
mutation can lead to entirely different phenotypes in different 
individuals and, on the other hand, very similar phenotypes can 
be produced by different mutations. Moreover, some of the mito- 
chondrial mutations might lead to disease only when a specific 
nuclear/mitochondrial genotype or environmental agent is pre- 
sent, further adding to the complexity of these diseases. 


The threshold effect 
As described above, many (although not all) pathological 
mtDNA mutations are heteroplasmic. The penetrance and 
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severity of the disease phenotype is often dependent on the 
ratio of the mutant versus wild-type mitochondrial genotype, 
ice., the level of heteroplasmy. There is generally a certain crit- 
ical proportion of the mutant mtDNA, a threshold level above 
which the deleterious effects of the mutation can no longer be 
complemented by the coexisting wild-type mtDNA, and the 
mutation therefore becomes relevant in terms of cellular dys- 
function and pathology. However, the degree of heteroplasmy 
that is tolerated without clinical presentation of the disease 
is known to vary greatly depending on the nature of the 
mutation as well as other coexisting genetic and environmental 
factors. 


Tissue specificity 

Although the pathological mtDNA mutation is usually present 
in all tissues of the body, the clinical symptoms of the disease are 
often tissue specific. Possible explanations for the highly tissue- 
specific phenotypes seen in mitochondrial diseases include vary- 
ing levels of heteroplasmy in different tissues, differential 
expression of the nuclear components of the mitochondrial 
genetic system, or variable sensitivity of different cell or tissue 
types to the deleterious effects of the decreased respiratory chain 
function and energy-generating capacity. Different tissues and 
organs have their own tissue-specific energetic thresholds, and 
the organs that are commonly involved and severely affected 
by mitochondrial disease include many of the ones with the 
highest aerobic energy demands, such as the central nervous 
system, the heart, and the skeletal muscle. Not all tissues with 
high ATP demands are as severely affected, however (40). For 
example, tissues as highly energy dependent as the liver and the 
kidney do not seem to be affected by OXPHOS deficiency to the 
same extent as nerve or muscle. 

It has been suggested that because cells with continuous 
lack of ATP would inevitably die and thereby compromise the 
viability of the whole organism (creating an in utero lethal phe- 
notype), the cells most severely affected by mt DNA mutations 
are perhaps the ones with varying ATP demands (41). Such 
cells are predicted to function relatively normally until their 
ATP demand is stimulated above the basal level. The lack of 
ATP under such conditions would compromise the primary 
function of the cells as well as increase their susceptibility to 
apoptosis. This idea would apply particularly well to muscle and 
neuronal cells in which the energy demand is known to be 
uneven and might also provide an explanation for the selective 
loss of some specific cells such as the optic nerve or cochlear 
hair cells, which are continuously having to respond to rapidly 
changing environmental stimuli. 


Mitochondrial sequence variation and disease 


mtDNA sequence variation in human populations 

Due to the lack of protective histones, the possibly inefficient 
DNA repair systems, and the continuous exposure to mutagenic 
effects of oxygen radicals, the mutation rate in the mtDNA is 
approximately 10 to 20 times higher than that of the nuclear 


genome (31) and varies between different regions of the 
mtDNA, with the hypervariable sequences in the noncoding 
D-loop evolving much more rapidly than the coding regions 
(42). Occasionally, genetic drift allows selectively neutral base 
substitutions to reach polymorphic frequencies. Over time, the 
high mutation rate has resulted in a wide range of neutral 
population-specific polymorphisms in the mitochondrial 
genome, and it has been estimated that the mtDNA sequence 
of any one person in the world today differs from that in 
another person by an average of 25 base substitutions (43). 


mtDNA as a phylogenetic tool 

The mtDNA polymorphisms have accumulated sequentially 
along radiating maternal lineages, which have diverged as 
human populations have colonised different geographical 
regions of the world (44). The mode of inheritance of the 
mtDNA, i.e., the maternal transmission and the relative lack of 
recombination makes it a particularly useful tool in human evo- 
lutionary studies. Phylogenetic analyses of mtDNAs, in con- 
junction with the calibrated mutation rates for the analysed 
sequences, have in fact allowed the clarification of several 
controversial issues concerning the origin of humans, the time 
and colonisation pattern of the various regions of the world, 
and some of the genetic relationships of modern human popu- 
lations (45). 

mtDNA sequencing and restriction fragment length poly- 
morphism (RFLP) analysis of mtDNAs from a wide range of 
modern human populations have revealed a number of single- 
nucleotide polymorphisms that have presumably originally 
arisen in our early ancestors who migrated out of Africa about 
130,000 years ago to become dispersed among the different con- 
tinents (Fig. 9.3). Since those days, these founder polymor- 
phisms have increased in frequency to a considerable level of 
prevalence and have characterised the present-day human pop- 
ulations in different geographical regions. Based on different 
combinations of these sequence variants, modern populations 
can be stratified into a variety of related groups of mtDNAs 
called haplogroups. 

Haplogroups show subtle differences between populations, 
and the majority of them have been shown to be continent 
specific (44). According to the scheme proposed by Macaulay 
and Richards (Fig. 9.4) (47-49), the root of the human mtDNA 
sequences from which all others descend, the so-called “mito- 
chondrial Eve,” belongs to the L1 cluster of the African hap- 
logroups. There are two other major African clusters, L2 and 
L3, but all non-African sequences appear to have descended 
from the L3 branch. The non-African subclusters of L3 include 
M and N. Asian and Native American haplogroups map to 
both of these clusters, whereas all European haplogroups belong 
to the N branch of the tree. 


Haplogroup associations of clinical disorders 

Haplogroup analysis can be used in conjunction with disease 
data to reveal a possible correlation between a certain hap- 
logroup and an increased disease susceptibility. Polymorphisms 
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Figure 9.3 The major events of the migratory history of the human mitochondrial DNA haplogroups. Figures are number of 
years before present; letters represent the various mt-DNA haplogroups. Source: From Ref. 46. 


in the coding regions of the mtDNA, although often termed 
“neutral,” may cause subtle changes in the mitochondrially 
encoded polypeptides or the components of the mitochondrial 
translation system required for their expression, thereby affect- 
ing the function of the OXPHOS. It has been suggested that 
due to defective respiration and the consequent increase in the 
production of deleterious free radicals, individuals with a cer- 
tain mitochondrial haplotype may be predisposed to a variety of 
degenerative cellular processes (51). Alternatively, polymor- 
phisms characteristic of a given mitochondrial haplotype may 
themselves play no role in the disease susceptibility but merely 
serve as markers of the genetic background upon which some 
more recent pathological variant(s) may have arisen. 

A considerable body of literature has recently emerged, 
reporting the association of certain haplogroups or haplogroup 
clusters with a variety of disorders including male infertility (52), 
Parkinson’s disease (53,54), multiple sclerosis (55), Alzheimer’s 
disease (AD) (56,57), Lewy body dementia (35), and occipital 
stroke (58). Some of these results remain inconclusive, how- 
ever, due to small sample cohorts, the use of subpopulations 
from very limited geographical areas or, in case of multiple stud- 
ies, the failure to reproduce previous findings. 

An association of certain mtDNA haplogroups with 
successful ageing and longevity has also been suggested in two 
different populations (51,59). These associations have, how- 
ever, been shown to be population specific and even discrepant 
between populations (60,61). An underrepresentation of hap- 
logroup H and a corresponding excess of haplogroups J and U 
was reported in Finnish individuals older than 90 years com- 
pared with both middle-aged and infant controls from the same 
population, supporting the view that mitochondrial genotype 
may be one of the factors affecting ageing. Based on these 
results, two possibilities were suggested by the authors: that 
mildly deleterious polymorphisms may cause a subtle decrease 
in OXPHOS activity and thereby shorten lifespan, or con- 
versely, that there are certain advantageous polymorphisms in 


haplotypes J and U, which may actually contribute to the 
longevity of these individuals (51). 

Polymorphisms characteristic of a certain mtDNA hap- 
logroup have also been shown to modulate the clinical expres- 
sion of some disease phenotypes in individuals carrying other 
primary mtDNA mutations. For example, the degree of pene- 
trance of the pathological mtDNA mutations in LHON 
(62-64), or a large-scale mtDNA deletion in mitochondrial 
encephalomyopathies (65), has been reported to depend on the 
mtDNA background on which they occur. Conversely, the 
expression of mitochondrial myopathy, encephalopathy, lactic 
acidosis, and stroke-like episodes (MELAS), although very 
complex and varied, does not seem to be affected significantly 


by the haplogroup background (66,67). 


mtDNA and deafness 


mtDNA and hearing impairment 


It has been estimated that up to 67% of patients with mtDNA 
disorders also manifest sensorineural hearing loss (68). The 
majority of the deafness-associated mitochondrial mutations 
have been found in families with severe systemic neuromuscu- 
lar diseases such as KSS, myoclonic epilepsy with ragged red 
fibres (MERRF), or the MELAS syndrome, hearing loss being 
only one of the symptoms of the general neuromuscular dys- 
function associated with these disease phenotypes. The 
causative mutations are often heteroplasmic and the disease 
shows great phenotypic variability. As an example, the conse- 
quences of a heteroplasmic point mutation at np 3243 of the 
tRNA-Leu(UUR) gene have been shown to range from diabetes 
and hearing loss when present at 10% to 30% of total mtDNA 
(69) to most severe forms of the MELAS syndrome at hetero- 
plasmy levels higher than 70% (70). 
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Figure 9.4 The Macaulay and Richards phylogenetic 
tree of human mtDNA sequences. Abbreviation: 
mt, mitochondrial. Numbers refer to the position of 


In addition, a multitude of different mt DNA mutations has 
been reported in maternal pedigrees, with isolated sensorineural 
hearing impairment (SHI). The term nonsyndromal deafness is 
used in this case to distinguish the phenotype from those linked 
to other syndromal diseases. Although these mutations give rise 
to a severe tissue-specific auditory phenotype, they do not seem 
to have such deleterious effects on other tissues or on develop- 
ment in general. These mutations have been found to be gen- 
erally homoplasmic, suggesting that the highly tissue-specific 
phenotype is not a result of different levels of heteroplasmy but 


the nucleotide change. Source: From Ref. 50. 


rather the complex interactions between the mitochondrial geno- 
type, the nuclear genotype, and the environmental factors (71). 


Previously identified mutations in nonsyndromal SHI 

The most commonly reported mtDNA mutations associated 
with nonsyndromal hearing impairment (NSHI) include 
A1555G in the 12S rRNA gene (72), A7445G (73,74) and 
7472insC (75,76) in the gene for tRNA-Ser(UCN), and 
A3243G (77,78) in tRNA-Leu(UUR), which, however, has 
also been found in families with diabetes mellitus and MELAS, 
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showing that the distinction between the syndromal and the 
nonsyndromal forms of SHI is not always clear-cut. 

Interestingly, most of the mtDNA mutations found in associ- 
ation with nonsyndromal SHI appear to be located in a few dis- 
tinct regions, namely the tRNA genes Leucine (UUR) and Serine 
(UCN) and the gene for the 12S rRNA. Several other mutations 
in the tRNA-Ser, including T7510C (79,80), T7511C (81,82), 
and T7512C (83), as well as another mutation in the 12S rRNA, 
C1494T (84), have also been reported with similar phenotypes. 

The molecular consequences of the SHI-associated muta- 
tions are complex and only partially understood. It has been 
suggested that some of the mutations in the tRNA genes inter- 
fere with the pre-tRNA processing or the translational proper- 
ties of the mature tRNAs such as their aminoacylation (85,86). 
The resulting imbalance in the ratio of different functional 
tRNAs may lead to defects in the mitochondrial protein syn- 
thesis, such as misincorporation of amino acids or premature 
translation termination. Accumulation of abnormal translation 
products has in fact been proposed as one of the key mecha- 
nisms involved in the pathology of SHI. 

The rRNA mutations on the other hand are known to affect 
the translational accuracy centre of the mitoribosome and 
increase its susceptibility to antibiotics, which further impair the 
translational fidelity. Such relaxation of the stringency of transla- 
tion is also suspected to promote the accumulation of abnormal 
translation products, leading to a unifying hypothesis linking 
mtDNA mutations to SHI (71). Based on this hypothesis, any 
genes whose products have a role in the mitochondrial protein 
quality control may be considered candidates for involvement in 
SHI, including the components of the mitoribosomal accuracy 
centre, tRNA processing, and aminoacylation, as well as any of 
the nuclear-encoded proteins involved in the delivery and dis- 
crimination of the charged tRNAs, the correct folding and sub- 
unit assembly of the released polypeptides, and the turnover of 
mistranslated or misfolded proteins in the mitochondria. 

Whether the above hypothesis is fully accurate remains to be 
answered as does the question as to why the clinical defect 
remains confined to the cochlea rather than affecting every tissue 
of the body. One proposed explanation for the tissue specificity is 
the possible existence of cochlear-specific isoforms or splice vari- 
ants of the nuclear proteins involved in mitochondrial RNA pro- 
cessing or translation. The abnormal interaction of such 
tissue-specific proteins with the mutated rRNAs, tRNAs, or poly- 
cistronic mRNA transcripts is suggested to lead to qualitative or 
quantitative changes in the mitochondrial protein products (1). 


Deafness-associated mtDNA mutations and ARHI 

An interesting aspect of mitochondrial SHI is its striking simi- 
larity to ARHI in terms of audiometrical findings. Both these 
forms of hearing loss initially present with elevation in the high- 
frequency thresholds. Based on the similarities, mitochondrial 
SHI could perhaps be hypothesised to represent an acceleration 
of the more gradual process of age-related hearing loss, raising 
the possibility of a common underlying cause. However, this 
view was seemingly contradicted by the results of a previous 
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study in which we screened patients with postlingual SHI from 
two different populations (United Kingdom and Italy) for the 
most common previously reported deafness-associated mtDNA 
mutations. Causative mutations were found in approximately 
5% of patients in both the populations, representing almost 10% 
of the cases that were clearly familial (2). The age of onset of 
hearing loss in these patients was generally childhood or early 
adulthood. In contrast, no instances of any of the previously 
reported mtDNA mutations were found in patients with late- 
onset hearing loss (Table 9.1), indicating that at least in terms of 
mtDNA mutations, ARHI seems to be genetically distinct from 
early-onset, nonsyndromal deafness. 


A1555G transition and aminoghycoside- 
induced ototoxicity 


The A-to-G transition in the gene for the 12S rRNA is a 
remarkable example of how the auditory phenotype caused by 
mtDNA mutations can be affected by the complex interactions 
between the mtDNA genotype, the nuclear genotype, and 
environmental agents. Individuals carrying the homoplasmic 
A1I555G mutation are known to be abnormally sensitive to 
aminoglycoside antibiotics (72). When exposed to aminoglyco- 
sides, these patients typically experience a sharp loss of hearing 
within a short period of time due to acute ototoxicity. 
However, this mutation has also been found in families 
with hearing loss in the absence of known exposure to aminogly- 
cosides (87), suggesting the involvement of a possible nuclear 
modifier, which has also been supported by genetic and bio- 
chemical evidence (88,89). A candidate locus has been identi- 
fied on chromosome 8 (90) but no definite modifier genes have 
been detected so far. In contrast to the acute severe aminogly- 
coside-induced deafness, in the absence of aminoglycoside 


Table 9.1 Causative mitochondrial DNA mutations found 
among patients with postlingual nonsyndromal hearing 
impairment and age-related hearing impairment 


United Kingdom S. Italy Finland 

(postlingual) (postlingual) (ARHI) 
A1555G 2/80 2/128 0/138 
A3243G 1/80 0/110 0/221 
A7445G 1/80 2/115 0/313 
7472insC 1/80 1/115 0/313 
17510C 1/80 0/115 0/313 
T7511C 0/80 0/115 0/313 
17512C 0/80 0/115 0/313 
Total 7.5% 4.2% 0% 


frequency (%) 


Abbreviation: ARHI, age-related hearing impairment. 
Source: From Ref. 2. 
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exposure, the A1555G mutation typically results in milder, late- 
onset, progressive sensorineural hearing loss (87,91), suggesting 
that the mutation may have an age-dependent penetrance, 
which is enhanced by treatment with aminoglycosides. Con- 
versely, aminoglycoside-induced deafness is also seen in the 
absence of the A1555G mutation, especially in the Asian pop- 
ulations (92), suggesting that in some cases, the interaction of 
the nuclear genotype and the medication alone can account for 
the ototoxic effect. 

Consistent with the endosymbiosis theory (5,6), the mito- 
chondrial ribosomes more closely resemble bacterial ribosomes 
than those found in the cytosol of eukaryotes, although almost 
half of the rRNA contained in the bacterial ribosome is 
replaced with proteins in the mitoribosome (93). Many of the 
functionally important proteins of the translational accuracy 
centre show structural similarity to their bacterial homologs as 
well as resemblance in terms of sensitivity of the ribosomes to 
certain antibiotics (94). There is relatively little primary 
sequence conservation between the bacterial and the mito- 
chondrial rRNAs; yet, the major secondary structures have 
been preserved. The np 1555 site maps to a phylogenetically 
highly conserved domain of the small subunit (SSU) rRNA and 
is equivalent to the position 1491 in the 16S rRNA of 
Escherichia coli (95). The biochemical basis for the pathology of 
the A1555G transition is thought to lie in the change of the 
small subunit rRNA to a secondary structure that more closely 
resembles that of the bacterial equivalent in a region that is 
known to have a key role in translational fidelity (96). 

The mutated nt A at np 1555 is predicted to form a novel 
base pair with a cytosine at np 1494 and thereby lengthen the 
base-paired stem region of the 12S rRNA molecule by one nt 
pair (Fig. 9.5), rendering it more similar to the bacterial SSU 
tRNA than the wild type. The antibacterial effect of the 
aminoglycoside antibiotics is based on their ability to bind the 
decoding site of the bacterial SSU rRNA, thereby causing 
translational infidelity. The G-C base pair is expected to create 
a new binding site for these drugs in the 12S rRNA structure, 
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Figure 9.5 The decoding region of the human mitochondrial 12S rRNA. 
(A) Wild type, (B) containing the A7555G mutation. Source: From Ref. 96. 


thus promoting aminoglycoside sensitivity (96). Consistent 
with this model are the findings that the C-to-T mutation at np 
1494, which facilitates the equivalent base pairing of the 
1494U with the wild-type 1555A, is also associated with 
aminoglycoside-induced hearing loss (84). 

The frequency of the Al555G mutation in patients with 
nonsyndromal deafness varies considerably between different 
countries, being exceptionally high in Spain, where it has been 
shown to account for up to 20% to 30% of all cases with famil- 
ial NSHI (87,97) as opposed to about 1% to 3% in other Euro- 
pean populations (2,98,99). However, the general population 
prevalence has been shown to be surprisingly similar in differ- 
ent European populations (Jacobs et al., unpublished data), sug- 
gesting that the high frequency of deafness caused by the 
A1555G in Spain is likely to be due to high levels of aminogly- 
coside exposure, either via therapeutic use or via dietary exposure. 

The typical late onset of the hearing loss in patients in the 
absence of aminoglycoside exposure prompts the question as to 
whether the A1555G mutation could account for some propor- 
tion of the unexplained ARHI cases. Although none of the 
ARHI patients in the initial screen was found to carry this 
mutation, these results may be considered inconclusive because 
of the relatively small sample number (n = 138). 


mtDNA and ageing 


The role of mitochondria in ageing 


Ageing is a complex multifactorial process, characterised by the 
progressive decline in physiological capacity and the reduced 
ability to respond to environmental stresses (100). These time- 
dependent changes lead to increased vulnerability to various 
age-associated diseases, accompanied by an_ exponential 
increase in mortality with age. Although a universal and widely 
studied process, no unifying theory of ageing exists, owing to 
the obvious complexity of the phenomenon. At least a dozen 
different hypotheses have been proposed in the last few 
decades, however, including both stochastic and developmental 
genetic theories. Among the proposed mechanisms, the so- 
called free-radical theory, or its more refined version, the mito- 
chondrial theory of ageing, have perhaps attracted the most 
attention. According to these hypotheses, ageing is associated 
with an impairment of bioenergetic function due to the accu- 
mulation of mtDNA mutations and the resulting increase in 


the production of ROS. 


ROS and oxidative stress 

ROS are oxygen-derived species that contain an unpaired elec- 
tron and are therefore highly unstable. These free radicals react 
readily with other nearby molecules to capture the missing elec- 
tron and become chemically stable. As a consequence, more 
free radicals are formed out of the attacked molecules, which 
subsequently create more free radicals, starting a chain reaction 
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and amplifying the effects of the initial attack (100). It has been 
well established that the major intracellular source of free radi- 
cals is the mitochondrial ETC, which has been estimated to 
generate more than 90% of the intracellular ROS. The nature 
of the one-electron oxidation—reduction reactions within the 
mitochondrial ETC makes the electron carriers prone to side 
reactions with molecular oxygen. Complexes I and II are 
thought to be the predominant sites of ROS production (101). 
The high-energy electrons react with O, to form the superoxide 
anion O;, which is converted to hydrogen peroxide, H,O, by 
the manganese superoxide dismutase (MnSOD). H,O, is usu- 
ally detoxified by glutathione peroxidase but in the presence of 
reduced transition metals, it can be converted to the highly 
reactive hydroxyl radical, OH, by the Fenton reaction. 

It has been estimated that approximately 0.4% to 4% of all 
oxygen consumed by the mitochondria is converted to ROS in 
normal human tissues (102). ROS have the capacity to oxidize 
cellular macromolecules, causing irreversible damage to the 
mitochondrial and cellular proteins, lipids, and nucleic acids. 
Each of the different species of ROS has its own mechanisms of 
production, detoxification, and reactions with their biological 
targets, and the exact pathological effects thus vary, depending 
on the species involved. The free-radical theory of ageing, first 
proposed by Harman (103), states that ageing is caused by the 
mitochondrial production of ROS and the resulting accumula- 
tion of damage to biological macromolecules, which eventually 
overwhelms the self-repair capacity of the biological systems, 
leading to an inevitable functional decline. 

Ironically, the mitochondria, as well as being the major 
generators of ROS, also seem to be the direct victims of the 
deleterious effects of these species. Because mtDNA lies in 
immediate proximity to the major sites of ROS production and 
is unprotected by histones, it is considered an especially sensi- 
tive target for ROS attack. Compared with nuclear DNA, the 
level of oxidatively modified bases in mtDNA has been found 
to be 10- to 20-fold higher (104). The different types of lesions 
detected in the mtDNA include base modifications, abasic sites, 
and point mutations, as well as strand breaks and rearrange- 
ments. One of the most commonly used markers of oxidative 
damage of DNA is the content of the oxidised nucleoside, 
8-hydroxy2’-deoxyguanosine (8-OHdG), which has been shown 
to increase in mtDNA of various ageing tissues (105-107). 
8-OHdG is premutagenic because it is capable of pairing with 
both adenine and cytosine with almost equal efficiency and can 
therefore induce mutations during DNA replication (108). 

Because all the gene products of the mtDNA are either 
polypeptides of the ETC or components required for their syn- 
thesis, any random mutation in the coding regions of mtDNA 
is likely to affect the OXPHOS system in one way or another. 
Accumulation of mutations in the mtDNA can be expected to 
lead to the synthesis of increasingly dysfunctional mitochondri- 
ally encoded subunits that are incorporated into the respiratory 
chain complexes. The defective or incorrectly assembled 
complexes are predicted to allow greater interaction between 
oxygen and redox active electron carriers, increasing the 
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production of ROS. ROS generation can be thought to increase 
in proportion to the general rate of respiratory chain electron 
flow in a given cell or tissue, leading to differential accumula- 
tion of oxidative stress between tissues and organs, and possibly 
explaining the differences in their functional decline in human 
ageing (109). It has also been suggested that since the disturbed 
synthesis of mitochondrial polypeptides most severely affects 
the assembly and/or function of those complexes of the ETC 
with the highest content of mitochondrial subunits, the chain 
ends up being “disproportionate.” Such partial defects within 
the chain are predicted to block the electron flow near the site 
of the defect and increase the half-lives of the upstream redox 
active components, increasing the level of ROS production 
above the critical threshold for toxicity (110). 

ROS are not exclusively detrimental for the cells, however. 
They also take part in various critical cellular functions, for 
example, as secondary messengers in signalling pathways regu- 
lating differential gene expression, replication, and differentia- 
tion, ion transport, calcium mobilisation, and apoptotic 
program activation (111). Under normal conditions, an array of 
different antioxidant enzymes takes care of the disposal of 
ROS. The MnSOD and copper/zinc superoxide dismutases 
(Cu/ZnSOD) can convert the superoxide anion to less 
dangerous and diffusible H,O,, which is further converted to 
H,O by reactions catalysed by glutathione peroxidase and cata- 
lase. With the help of some smaller molecular weight antioxi- 
dants such as glutathione and vitamins C and E, these enzymes 
enable the cell to cope with the normal production of ROS. 
However, complete or partial deficiency of these enzymes has 
been shown to lead to a rapid accumulation of oxidative 
damage, induction of apoptosis, and shorter lifespan (112). 
Oxidative stress can thus be thought to result from any imbal- 
ance between the ROS-generating mechanisms and the protec- 
tive mechanisms, and ageing can be attributed to not only 
increasing levels of ROS but also decreasing capacity of the 
intracellular antioxidant and damage-repair systems with 
advancing age. 


The “mitochondrial theory of ageing” 

The extension of the initial free-radical theory (103) has led to 
the development of several different ageing theories such as the 
“altered protein theory,” “the waste accumulation theory,” and 
the “mitochondrial theory.” According to the mitochondrial 
theory of ageing, mtDNA mutations accumulate progressively 
during life and are directly responsible for the deficiency in the 
function of the OXPHOS system. Defects in the respiratory 
chain are proposed to cause increased production of ROS, 
which in turn leads to the accumulation of further mtDNA 
damage (113,114). The ageing process has therefore been sug- 
gested to be a self-perpetuating vicious cycle (Fig. 9.6) of expo- 
nentially increasing oxidative damage, which eventually leads 
to a bioenergetic crisis, various age-associated metabolic and 
physiologic changes, as well as activation of apoptosis and the 
loss of specific cell types, tissue dysfunction, and an increased 
susceptibility to disease. 
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Figure 9.6 The vicious cycle proposed by the mitochondrial theory of ageing. 
Abbreviations: mtDNA, mitochondrial DNA; ROS, reactive oxygen species; 
OXPHOS, oxidative phosphorylation. 


There is a substantial amount of indirect evidence support- 
ing various aspects of the mitochondrial theory of ageing, 
including the proposed role of the increasing burden of mtDNA 
mutations in ageing and degenerative disease. Both point muta- 
tions and rearrangements (deletions and/or duplications) of the 
mtDNA have been reported to accumulate with age in a vari- 
ety of tissues in both humans and experimental animals. The 
occurrence of a specific 4977bp deletion, previously found 
among patients with the rare mitochondrial diseases KSS and 
PEO, has been shown to increase in the postmitotic tissues also 
during normal ageing (115). Accumulation of certain patho- 
logical mtDNA mutations such as those associated with 
MELAS (116) or MERRF (117) has also been reported in nor- 
mally ageing individuals, albeit to a very low level and in a 
highly tissue-specific manner (118). Similarly, specific point 
mutations in the noncoding region of the mtDNA, such as 
A189G and T408A in skeletal muscle (119), T414G in fibro- 
blasts (120), or T150C in leukocytes (121) have been reported 
to accumulate in aged individuals but have also been shown to 
be restricted to specific tissues. 

Besides systematic accumulation of specific mutations, the 
abundance of different types of somatic mtDNA rearrangements 
(deletions and partial duplications), detected by semiquantitative 
polymerase chain reaction (PCR) assay, has also been shown to 
increase with age in the human heart, although a considerable 
variation in their levels was detected at all ages (122). In addi- 
tion, sequencing of the D-loop region, and, more recently, also 
certain coding regions, has revealed an age-dependent increase in 
the total point-mutation load in mtDNA from mouse liver (123) 
as well as human brain (124,125) and, based on preliminary results, 
possibly also heart (Vahvaselka et al., unpublished results). 

The reported mutation levels are typically in the range of 
one to two mutations per 10kb of sequence and can therefore 
be estimated to affect only a few percent of the total mtDNA. 
According to model cell systems, levels of 60% to 80% of 
mutant mtDNA are required in vitro to observe deleterious bio- 
chemical effects (126), and relatively high heteroplasmic levels 
are also often tolerated by patients with mtDNA mutations 
without detectable clinical presentation of the disease. There- 
fore, it seems unlikely that the low levels of mutations detected 
in the above-mentioned studies could actually result in any 


biochemical defect, assuming they were distributed randomly 
among cells. This assumption is also supported by previous 
observations from cultured human cells expressing 3’ to 5’ 
proofreading-deficient mtDNA polymerase (127). Cells with 
the “POLG mutator”-accumulated mtDNA mutation loads 
higher than 5/10 kb after two to three months were yet associ- 
ated with only a very modest respiratory chain deficiency, indi- 
cating that the threshold level for OXPHOS deficiency is 
considerably higher than the mutation loads generally observed 
in ageing tissues. 

The possibility that needs to be considered, however, is 
that low levels of mutated mtDNA may clonally expand in a 
small subset of cells due to mitotic segregation or genetic drift 
in postmitotic cells during ageing. High proportions of clonal 
mutant mtDNA, presumably expanded from a single initial 
mutant mtDNA molecule, have been detected in single-cell 
analysis of tissues as diverse as buccal epithelium and heart mus- 
cle (128). Clonal expansion of mtDNA-point mutations or 
deletions within individual skeletal muscle-cell fibres has been 
shown to lead to very high levels of specific mt DNA mutations, 
causing defects in the mitochondrial OXPHOS complex 
cytochrome-c-oxidase (COX) in single-muscle fibres (129,130). 
Similar COX-deficient cells have been detected in other aged 
tissues including the human heart (131) as well as brain tissue 
of patients with AD (132), indicating high levels of mutant 
mtDNA in individual cells. Although it is unclear whether 
such a mosaic pattern of respiratory chain deficiency is able to 
actually compromise the function of the whole tissue or organ, 
it has nevertheless been hypothesised that clonal expansion of 
mutations may be actively involved in ageing and degenerative 
disease (128), and pathological consequences have been sug- 
gested particularly if the affected cells perform an integral role 
in a complex network, as is often the case in the central nervous 
system (133). 

Although a considerable number of studies support the idea 
that mtDNA mutations accumulate during ageing, it is impossi- 
ble to conclude from such correlative data alone that this accu- 
mulation actually has a causal role in ageing rather than just 
being an epiphenomenon of the process. The first direct, exper- 
imental link between the increased levels of somatic mtDNA 
mutations, the respiratory chain dysfunction, and the acceler- 
ated ageing phenotype was established by creating a homozygous 
knock-in mouse expressing a proofreading-deficient mitochon- 
drial polymerase POLG (134). These mice developed a three- to 
fivefold increase in the levels of somatic mtDNA mutations 
compared with wild-type animals, and the substantial burden of 
mutations was associated with reduced lifespan and premature 
onset of many age-related changes such as weight loss, reduced 
subcutaneous fat, alopecia, kyphosis, osteoporosis, anaemia, 
reduced fertility, and heart hypertrophy, suggesting a causative 
link between mtDNA mutations and ageing phenotypes in 
mammals. Although the mutation loads found in the oldest 
POLG- mutator mice were of the order of 10 to 15 mutations per 
10kb, their premature ageing was accompanied by only a 
moderate OXPHOS deficiency, consistent with the previous 
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observations in cultured human cells with a similar mutator 
(127). These results initially suggested that rather than bioener- 
getic insufficiency alone, the accumulation of mtDNA mutations 
is likely to promote ageing via some kind of toxic mechanism or 
via extensive mitotic segregation and genetic drift. 

The most obvious candidate for a toxic mechanism is the 
increased production of ROS, as suggested by the mitochondr- 
ial theory of ageing. Recent results show, however, that contrary 
to the vicious cycle theory, which would predict an exponential 
accumulation of mtDNA mutations, the mt DNA-mutator mice 
accumulate mtDNA mutations in an approximately linear 
manner over their lifetime (135). Despite the respiratory chain 
deficiency, the amount of ROS production was shown to be 
normal, as were the levels of the studied biomarkers of oxida- 
tive stress and the expression levels of antioxidant defence 
enzymes. Based on these observations, it was proposed that 
rather than a vicious cycle of increasing oxidative stress and 
exponential accumulation of mtDNA mutations, the acceler- 
ated ageing of the mtDNA mutator mice is after all induced pri- 
marily by the respiratory chain dysfunction itself via a variety of 
possible mechanisms, including a bioenergy deficit in physio- 
logically crucial cells, decreased signal thresholds for apoptosis, 
or induction of replicative senescence in stem cells. 


ARHI 


Deterioration of hearing ability is one of the inevitable conse- 
quences of advancing age. Because of its high prevalence, ARHI 
is a significant socioeconomic health problem. In Finland, for 
example, ARHI represents one of the most common age-associated 
sensorineural defects, estimated to affect one-third of the adults 
between the ages of 65 and 75 and as much as two-thirds of the 
Finnish population older than 75 years (136). 

ARHI, also known as presbyacusis, is a multifactorial 
process that shows variation in age of onset and progression and 
can range in severity from mild to substantial. Clinically, the dis- 
order is characterised by a progressive, bilateral high-frequency 
hearing loss that is demonstrated by a moderately sloping audio- 
gram. The symptoms include reduced hearing sensitivity and 
speech discrimination, especially in environments with back- 
ground noise, slowed central processing of acoustic information 
as well as impaired localisation of sound sources (137). With 
time, the hearing loss usually extends also to the lower frequen- 
cies, further impairing the comprehension of speech and the 
overall communication abilities of the affected individuals. 

Despite extensive research attempting to determine the 
underlying causes of presbyacusis, understanding of the exact 
pathophysiology still remains incomplete. The process of sound 
perception follows a complex pathway, and age-related changes 
in several of its components can contribute to the loss of hear- 
ing sensitivity. Most often, the hearing loss can be attributed to 
degeneration or loss of the sensory cells (inner and outer 
cochlear hair cells), neural damage of the spiral ganglion, 
and/or atrophy of the stria vascularis (138), although it is 
currently not clear to what extent each of these contributes. 
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Clinical classification 

The aetiology of age-related hearing loss is still not understood. 
Most current knowledge comes from animal models, epidemio- 
logical studies, clinical experience, and human temporal-bone 
research. According to early studies of Schuknecht et al. (139), 
presbyacusis can be divided to four main subcategories, based on 
the histological changes in the cochleae and the corresponding 
premortem clinical symptoms and auditory test results (140). 
These classic types of the disorder—sensory, neural, strial, and 
mechanical—can occur alone or in combination. 

Sensory presbyacusis is characterised by atrophy of the sen- 
sory hair cells and supporting cells in the organ of Corti, origi- 
nating in the basal turn of the cochlea and progressing toward 
the apex. The consequence of these changes is an abrupt high- 
frequency hearing loss, usually beginning after middle age. 

Neural presbyacusis, on the other hand, refers to the 
degeneration of the spiral ganglion nerve cells and central 
neural pathways. Even without noticeable elevation in hearing 
thresholds, the neural form often leads to a severe decrease in 
speech discrimination, especially in the presence of background 
noise. 

The third category, named strial presbyacusis, involves 
atrophic changes of the stria vascularis. Because the normal 
function of these cells is critical to the maintenance of the 
endocochlear potential as well as the metabolic health of the 
sensory cells, this form of presbyacusis is also sometimes called 
metabolic presbyacusis. The loss of threshold sensitivity begins 
in the high-frequency region but progresses to the lower fre- 
quencies as the metabolic function of the strial cells declines. 
Because the entire cochlea is eventually affected, the hearing 
loss in strial presbyacusis is typically represented by a flat or 
slightly descending audiogram. 

The last form is the mechanical presbyacusis, which is 
thought to result from changes in the vibrational properties of 
the basilar membrane, thereby affecting the conductivity of the 
cochlea. Hearing loss due to mechanical stiffness of the basilar 
membrane results in a linear, gradually sloping audiogram, with 
the highest frequencies being the most affected. 

Regardless of the above division, in the majority cases of 
ARHI, simultaneous changes occur at multiple sites, making 
such a classification difficult. In fact, Schuknecht et al. also 
later added two more categories: mixed and indeterminate, the 
latter of which they proposed to account for 25% of all 
cases (139). 


Heritability of ARHI 

Heritability studies indicate that ARHI is a complex disorder 
influenced by both genetic and environmental factors. The rel- 
ative importance of the genetic component of a disease can be 
expressed as the fraction of the phenotypic variance that is due to 
the effect of genes (141). Recent studies on monozygotic and 
dizygotic twins (142) as well as cohort studies of genetically 
related and unrelated individuals (143) show a clear familial 
aggregation, indicating that as much as half of the variance in 
ARHI may be due to heritable factors. 
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Much of the past and current research has focused on find- 
ing some of the underlying genetic abnormalities, which may 
cause, contribute to, or predispose to the development of 
ARHI. However, unravelling the genetics of complex diseases 
is far from straightforward. Since the number of causative vari- 
ants and risk factors and their relative contributions to the 
phenotype and complex interactions with each other are not 
known, classic positional cloning strategies are not applicable 
to complex disorders. As a consequence, very little is known 
about the genetic component of ARHI. Up to now, almost 130 
loci have been reported for monogenic nonsyndromal hearing 
impairment, and about 50 of these genes have been identified. 
Conversely, there are only a few candidate loci for late-onset or 
progressive hearing loss, and no true susceptibility genes have 
been identified so far (144). 

Two of the most powerful strategies for searching for 
genetic determinants of ARHI are association studies and link- 
age analysis. Association studies search for DNA variants asso- 
ciated with the trait using unrelated samples, based on the 
assumption that if a certain variant confers increased suscepti- 
bility to a complex disease, it should be more frequent among 
the affected individuals compared to a control group. Linkage 
studies, on the other hand, attempt to identify the regions har- 
bouring the susceptibility genes by nonparametric linkage 
analysis on a large collection of small families. In the case of 
ARHI, collecting families can be difficult due to the late onset 
of the disorder because samples from higher generations are 
generally not available. 

Due to the similarities between the monogenic forms of 
NSHI and ARHI, the genes causing NSHI comprise a well- 
defined set of candidate genes to be tested for involvement in 
ARHI. Possible candidate genes have also been derived from 
murine models of age-related hearing loss. Inner ear function is 
similar between mice and humans, which suggests that the 
pathways to hearing loss may also be shared, and the human 
orthologs of genes identified to be associated with ARHI in 
mice are therefore justifiable candidates to be tested in humans. 
The most interesting of such mouse loci is the Ahl locus in 
chromosome 10 (145), which has been described to contain 
several candidate genes for possible predisposition to ARHI. 
Because of the suspected interplay between genetic and envi- 
ronmental factors, the genetic risk factors of interest also 
include those that may increase the susceptibility to noise, 
ototoxicity, or ageing. 


Environmental risk factors 

ARHI is often regarded as the consequence of accumulating 
auditory stresses during life, superimposed upon the natural 
ageing process. The involvement of environmental factors is 
implied, for example, by the fact that hearing levels are gener- 
ally poorer in industrialised than in isolated or agrarian societies 
(137). Apart from family history, the most commonly studied 
risk factors of age-related hearing loss include noise-induced 
damage, otological, and other disorders as well as exposure to 
ototoxic agents. It is unclear, for the most part, whether these 


factors act on specific physiological pathways or just somehow 
speed up the rate of the normal ageing of the cochlea. Complex 
interactions between the effects of various factors are likely to 
affect the overall susceptibility to hearing loss, although the 
evidence of such interactions remains incomplete. 

Noise exposure is the most studied environmental factor 
causing hearing loss. Very high-intensity acoustic overstimula- 
tion is known to cause mechanical damage to the cochlea 
(146), whereas at lower noise levels, the cochlear damage is 
predominantly metabolic, suggested to be mediated by 
increased production of free radicals (147), glutamate excito- 
toxicity (148), impaired mitochondrial function (149), and/or 
glutathione (GHS) depletion (150). Based on animal models, 
the primary histopathological sign of noise exposure is loss of 
the outer hair cells, but with continuous overexposure for a long 
time, the inner hair cells will also disappear (151). Excito- 
toxicity may also cause swelling of the afferent nerve endings 
and disruption of the postsynaptic structures, leading to neu- 
ronal death in the spiral ganglion (148). Histological as well as 
audiometric changes in noise-induced hearing loss are often 
indistinguishable from those of age-related hearing loss. 

Certain prescribed drugs, namely aminoglycoside antibi- 
otics, are well known ototoxins and account for approximately 
3% to 4% of hearing loss in developing countries and a smaller 
but still significant number of adults in developed countries 
(152). The problem has been suggested to be even more pro- 
nounced among the elderly, who often use more medication 
compared to people in other age groups (141). Aminoglycoside- 
induced ototoxicity is usually dose dependent, and in the 
elderly, the blood levels of medication may also be more likely 
to rise above the critical levels due to altered renal or liver func- 
tions. Other major classes of drugs known to cause permanent 
hearing loss are the platinum-based chemotherapeutic agents 
such as Cisplatin, used in the treatment of cancer. Both these 
groups of drugs are known to damage the hair cells in a pattern 
similar to noise-induced damage, causing nonreversible, high- 
frequency hearing loss. In spite of the differences in the nature 
of the insult, the hearing loss from ototoxic drugs and noise 
exposure share a number of similarities in cochlear pathology, 
and similar mechanisms including increased oxidative stress 
and glutathione depletion have been suggested to mediate the 
hair-cell death (150). Aminoglycosides have also been reported 
to intensify the ototoxic effects of noise exposure and vice versa 
(141). Another example of the complex interactions between 
the various genetic and environmental factors contributing to 
hearing loss is the fact that three mt DNA mutations have been 
reported to confer an increased susceptibility to aminoglycoside 
ototoxicity. 

Cardiovascular disease and its risk factors have been shown 
to affect hearing to some extent (153). Stroke, myocardial 
infarction, claudication, hypertension, hyperlipidaemia, and 
diabetes mellitus have all been previously associated with 
excessive hearing loss (154-156). In some studies, long-term 
smoking (157) and excessive alcohol intake (158) have been 
shown to correlate with hearing loss in the elderly, although the 
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effects of smoking still remain controversial. A variety of work- 
place chemicals are known as potentially ototoxic if exposure 
exceeds a certain level (159), and there is accumulating evi- 
dence that many of these toxins may be able to potentiate the 
ototoxicity of noise through oxidative stress mechanisms (1). 
The effects of diet on age-related hearing loss have been exten- 
sively studied, and high-lipid diets have been associated with 
poor hearing (154). Potential benefits of low-calorie diets or 
consumption of antioxidant agents in preventing auditory 
ageing have been suggested (160), but the existing evidence 
remains inconclusive. 


Prevention and therapy 

Based on the current knowledge of the risk factors, the most 
essential preventive strategies include avoidance of hazardous 
noise exposure and ototoxic agents as well as maintenance of 
good general health and fitness. Because of the presumed 
involvement of ROS in several of the mechanisms triggering 
hearing loss, one suggested strategy to protect the inner ear 
from ototoxicity would be the administration of antioxidant 
drugs to scavenge ROS and thereby prevent the activation of 
cell-death pathways. Downstream prevention of apoptosis with 
any possible drug-based therapy would in turn require interrup- 
tion of the already activated cell-death cascades, for which a 
much more detailed knowledge of these pathways and the key 
cellular targets is needed. 

There is no cure currently available for ARHI. Because the 
hearing loss is irreversible, the existing treatment strategies are 
mainly focused on functional improvement, i.e., compensating 
for the disability as much as possible. Hearing aids are usually 
recommended when the impaired hearing causes a significant 
disadvantage in the everyday life of the patient. Even though 
the hearing aids and assistive listening devices cannot restore 
hearing to normal, they can, in many cases, improve the 
patient’s ability to communicate. The benefits are, however, 
very individual. In very severe cases, where hearing aids 
no longer provide benefit, cochlear implantation may be 
considered. 

In order to actually restore hearing, it would have to 
become possible to successfully replace the lost hair cells and/or 
spiral ganglion neurons. However, even such strategies would 
probably turn out to be inefficient, unless the actual cause of the 
cell death is known and can be treated. Overall, the future 
development of efficient treatment strategies will clearly require 
a more detailed knowledge of the molecular mechanisms under- 
lying the cell loss. 


The proposed role of mtDNA in ARHI 

One of the key molecular mechanisms suggested to underlie cell 
loss in ARHI is mitochondrial dysfunction due to mtDNA 
mutations (68). Mitochondria have several important roles in 
cells, their primary function being the production of ATP by 
OXPHOS. Mutations in the mtDNA can affect either compo- 
nents of the OXPHOS system directly or the rRNAs and 
tRNAs required for their synthesis. Their deleterious effects on 
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cell function can thus be mediated via a variety of different 
mechanisms, including impaired mitochondrial protein synthe- 
sis, accumulation, and defective turnover of abnormal transla- 
tion products, bioenergy insufficiency, oxidative stress, calcium 
dyshomeostasis, and activation of apoptotic cell death (41). 
Inherited mtDNA mutations have been linked to a diverse 
spectrum of human disorders. In addition, polymorphic variants 
associated with certain mtDNA haplotypes have been reported 
to act as predisposing factors to a variety of disorders. 

A considerable amount of evidence also supports the 
involvement of mtDNA in sensorineural hearing loss. Muta- 
tions in the mtDNA have been identified in both syndromal 
and nonsyndromal hearing loss as well as in predisposition to 
aminoglycoside induced to ototoxicity (1), therefore, also com- 
prising an obvious set of candidates for possible involvement in 
ARHI. Moreover, it has been proposed that somatic mtDNA 
mutations accumulate during ageing, especially in postmitotic 
tissues and are responsible for the age-related decline in bio- 
energetic function and tissue viability. Accumulation of somat- 
ically acquired mtDNA mutations has therefore been suggested 
to play a role in many age-related degenerative processes 
including cochlear cell degeneration that causes decreased 
auditory sensitivity in ARHI (161). 


Does mtDNA mutation accumulation play 

a role in ARHI? 

Evidence of increased levels of mtDNA damage has not only 
been reported in normally ageing individuals but also in various 
tissues of patients with age-related degenerative diseases. For 
example, increased levels of mtDNA rearrangements, namely 
the 4977 bp deletion, have been found in different regions of 
the brain of patients with AD (162) and Parkinson’s disease 
(163) compared with age-matched controls. The aggregate bur- 
den of mtDNA-point mutations has also been reported to 
increase in the brain mtDNA of AD patients with age (124). 
In contrast, other studies have failed to detect any signs of 
mtDNA-point mutation accumulation in the brains of either 
normal elderly individuals or patients with age-related neu- 
rodegenerative disease (164). 

ARH is a common aspect of ageing. Similar to many clas- 
sical neurodegenerative diseases, functional deficits in ARHI 
are also associated with irreversible loss of specific cell types, 
namely the cochlear hair cells, the cells of the stria vascularis, 
or the spiral ganglion neurons. It has thus been suggested that 
the accumulation of mtDNA mutations, and the subsequent 
impairment of mitochondrial function, could also play a role in 
the age-related degeneration of auditory tissue in ARHI (161). 
In support of this idea, increased levels of mtDNA mutations 
(165) as well as the common 4977bp ageing deletion (166) 
have been detected in mtDNA from archived human temporal 
bones of patients with presbyacusis compared with controls, 
suggesting that at least some proportion of ARHI patients have 
significant loads of mtDNA mutations in the auditory tissue. 
However, these findings can hardly be considered conclusive 
due to the very small number of samples studied. 
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The deleterious physiological effects of mt DNA mutations 
on the acoustic neural system could be thought to result from a 
general deficiency of OXPHOS or be mediated via other cumu- 
lative toxic mechanisms such as excessive generation of ROS. 
Significantly reduced blood supply in the ageing cochlea 
has been suggested to lead to ischaemia and increased genera- 
tion of ROS in the cochlear tissue (160,167). The resulting 
oxidative stress has been proposed to adversely affect the 
inner-ear neural structures and contribute to the decline in 
cellular viability and cochlear function during the ageing 
process. Based on animal studies, treatment with antioxidant 
compounds known to either block or scavenge ROS has been 
suggested to have a protective effect on age-related hearing 
loss (160). 

Lastly, and perhaps most interestingly, very recent results 
from the analysis of the POLG-mutator mice show that, along 
with all the above-listed consequences of premature ageing, the 
mice also develop a progressive impairment of hearing with 
auditory system pathology strikingly similar to that found in 
humans with ARHI (Aleksandra Trifunovic, personal commu- 
nication). In these mice, the progressive loss of hearing is 
accompanied by apoptotic loss of cells of the stria vascularis as 
well as neurons of the spiral ganglion and the central cochlear 
nuclei, suggesting that elevation of somatic mtDNA mutation 
levels does indeed result in progressive degeneration of the 
auditory system and leads to age-related hearing loss in the 
mice. The cell loss in the auditory system was observed to 
progress in an approximately linear fashion, which is congruent 
with the previously reported linear accumulation of mtDNA 
mutations and respiratory chain deficiency in these mice (135) 
but contradicts the idea of the vicious cycle of exponential 
deterioration of mitochondrial function due to mtDNA muta- 
tion accumulation. 

Despite the recent findings indicating that mitochondrial 
dysfunction due to increased levels of somatic mtDNA muta- 
tions has the capacity to cause pathology closely resembling the 
physiological and anatomical changes seen in human ARHI, no 
direct evidence exists so far that mt DNA mutations do actually 
accumulate in excessive amounts in patients with ARHI. 
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Introduction 


There is an extensive literature on the psychosocial impact of 
hearing impairment and much of this literature has been 
recently reviewed (1). The present chapter will address those 
elements of such a psychosocial impact due to genetic disorders, 
which may be superimposed on such general effects of the hear- 
ing impairment per se. 

Over the years, genetic hearing impairment has been found 
to account for a larger and larger proportion of individuals with 
hearing difficulties, now widely regarded as being responsible 
for at least 50% of permanent hearing loss both in young chil- 
dren and in elderly people (2,3). In certain isolated communi- 
ties, a particular genetic cause of prelingual hearing impairment 
may achieve a high prevalence and result in a different set of 
attitudes towards deafness in that society. This mirrors, in some 
ways, the attitudes towards people with acquired hearing 
impairment in certain communities with a long history of 
employment in a particularly noisy industry, such as the jute 
weavers of Dundee (4). 

Probably the best known example of a high prevalence of 
congenital deafness affecting societal attitudes was the case of 
Martha’s Vineyard, an island off the coast of Massachusetts, 
vividly described by Norma Groce in her book “Everyone here 
spoke sign language” (5). The population, in that case, had a 
high prevalence of a nonsyndromal recessive condition, which 
appeared to have originated in Southeast England. The high 
prevalence of the condition resulted in “deafness” being 
regarded as a normal state and the hearing population using 
sign language to communicate with their deaf family and neigh- 
bours in a natural way. 

Such communities have been found elsewhere in the world 
(6), and one of the most interesting examples is found in the 
northern part of the island of Bali. Here there is a village called 
Bengkala where some 2% to 3% of the population has congen- 
ital deafness caused by DFNB3, a recessive mutation involving 
the Myosin 15A gene (7,8). The social interactions within this 


community, where both the deaf and hearing people communi- 
cate using sign language, with the deaf people well adjusted and 
integrated within the community have been described (9). 
However, even within this community, the great majority of 
deaf children receive no formal education. 

Elsewhere, in the general population, there have been a 
number of anecdotal reports of people denying genetic factors 
as a cause of hearing loss in their children, of being unaware of 
such hearing loss in their parents and siblings, and attributing it 
merely to age, noise, or other factors. Thus parents of a deaf 
child with a clearly dominant family history may insist that the 
child was deafened as a result of a pertussis infection. Eighty- 
year-old patients have reported that their parents’ hearing loss 
was due to “old age” even though it began at the age of 60 and 
their own hearing loss dated back to such an age or younger. 

There has been little attempt to explore any effects of 
genetic or familial hearing loss in a systematic way, and the pre- 
sent chapter sets out to do that under the aegis of Working 
Party 6 of the European Union GENDEAF project within the 
fifth framework. The present author is particularly indebted to 
the contributions in this respect of Sylviane Chéry-Croze, 
Lionel Collet, Berth Danermark, Lesley Jones, Sophia 
Kramer, Kerstin Moller, Wanda Neary, and Hung Thai Van. 
An additional group member, who contributed widely to the 
discussions, was Anna Middleton, author of the next chapter in 
the present book. The aim of the working group was to provide 
an interface between the molecular and clinical geneticists and 
those people facing the real world problems caused by genetic 
disorders affecting the auditory system. 

This chapter deals fairly briefly with hearing disorders in 
children, an area in which it was difficult to obtain participants 
in either qualitative or quantitative studies. Hearing disorders 
affecting working age and older adults are studied using both 
epidemiological approaches and clinic-based studies, and this 
provides the main focus for the chapter. The first studies in this 
respect are based on secondary analyses of epidemiological 
investigations. These are followed by a qualitative analysis of 
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people’s perception of the impact of their family history on 
themselves. That, in turn, leads to investigations of such an 
impact on activity limitations and participation restrictions, 
motivation for seeking rehabilitative help, and on rehabilita- 
tive outcomes. This is followed by a consideration of the influ- 
ence of a family history on the impact of tinnitus and finally by 
two specific genetic disorders. These are otosclerosis, one of the 
few causes of genetic hearing impairment amenable to surgical 
intervention, and neurofibromatosis 2 (NF2) in which premature 
death may occur and which generally presents with a hearing loss. 

The background to this work has been presented in some 
detail in the literature review produced by the working party 
(1) and details of most of the experimental studies presented 
here will be found in the second publication (10). 

Overall, in nonsyndromal hearing impairment, it would 
seem that a family history with role models available is what 
has had the greatest effect on people affected themselves, rather 
than the genetic hearing loss per se. The total impact of that 
from a psychosocial standpoint is also relatively modest com- 
pared with other factors such as the severity of the impairment 
and the age of its onset. 


Family history influences 
in children 


These studies date back to the 1940s, but two important inves- 
tigations were conducted in the 1970s in the United States (11) 
and in the United Kingdom (12). These, together with a num- 
ber of related investigations, have been discussed in some detail 
elsewhere (13), but may be summarised as indicating that it is 
the fact of having deaf parents, which is important, rather than 
having a specific genetic disorder. Thus, it was found that, 
among a group of children with genetic disorders, the children 
of deaf parents who signed to them performed better on a num- 
ber of educational parameters in the Stanford Achievement test 
than did those without deaf parents (11). 

Deaf school leavers from throughout the United Kingdom 
were subdivided into those with a family history and deaf par- 
ents, those with a family history and no deaf parents (FHHP), 
those with an acquired cause, and those whose aetiology was 
unknown (12). No significant difference between the four 
groups in terms of the youngsters’ speech intelligibility was 
found, but those with deaf parents performed significantly bet- 
ter than the other three groups in terms of their reading age and 
in a speech comprehension ratio of lipreading. In these last two 
measures, the FHHP group did not differ in performance from 
those with acquired or unknown aetiologies. Interestingly, in a 
20-year follow-up of these young people, it was found that those 
with an acquired or unknown cause for their hearing impair- 
ment were twice as likely to have had psychiatric problems than 
those with a genetic cause (14). 

These findings are compatible with other results in the gen- 
eral literature, which indicate that deaf children of deaf parents 


are likely to be better adjusted (15,16), to have a more positive 
coping framework (17) and less likely to have psychiatric prob- 
lems (18). It has been strongly argued that many such differ- 
ences may be attributable to early and effective mother-child 
communication, leading to the development of a more stable 
individual (19). 

Most of these studies have involved relatively small num- 
bers of subjects, not necessarily controlled for a number of con- 
founding variables. Recently a large-scale study on children 
with hearing impairments has been conducted in the United 
Kingdom in which an attempt has been made to control for a 
range of variables such as hearing level, age of onset of hearing 
impairment, previous rehabilitative intervention as well as the 
social class and ethnicity of the parents (20). 

The results for 338 children whose parents had some hearing 
difficulties were compared with those of 2519 children whose 
parents had no such difficulties. After controlling for gender, age, 
ethnicity, average unaided hearing level, age of onset of hearing 
impairment, additional hearing disabilities, parental occupation, 
and cochlear implantation, they examined any effect of family 
history. The findings of that study are shown in Table 10.1. 

This indicates that, while the auditory receptive communi- 
cation of those children with hearing-impaired parents was 
poorer, their sign language skills were better. It also supports the 
earlier findings of better academic achievement in those children 


Table 10.1 Significant findings from main study on UK 
children (20) in which children with hearing-impaired 
parents differed from those with hearing parents 


Communicative skills = 


Auditory receptive capabilities’ Poorer 
Use of BSL*” More likely 
Understanding of BSL*” Better 
Use of SSE*” More likely 
Understanding of SSE*” Better 
Academic achievements = 
Academic abilities’ Higher 
Key stage attainments” Higher 
Participation and engagement Better 
in education’ 
Quality of life - 
Positive feelings about life” Less 
Need for help with social Less need 


activities, e.g., shopping 
and inviting friends” 


“Teacher ratings. 
*Parent ratings. 
Abbreviations: BSL, British sign language; SSE, signed supported English. 
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with hearing-impaired parents. Finally, in reported quality of life, 
those children with hearing-impaired parents felt less positive 
about their lives, but were more independent. 

Unfortunately that study considered neither the severity of 
the parental hearing impairment nor the impact of hearing 
impairment in siblings, and further analyses were subsequently 
performed (21). Here children were divided into five groups: 


Those with one or more parents “totally deaf”; 

Those with one or both parents with “some hearing 
difficulties”; 

Those with one or more siblings totally deaf, but hearing 
parents; 

Those with one or more siblings with some hearing diff- 
culties, but hearing parents; 

Those with neither parents nor siblings with hearing 
problems. 


The first four groups were each compared with group 5 after 
controlling for the demographic and other variables considered 
in the earlier analysis. 


The results for those children with one or both totally deaf 
parents are the clearest and account for most of the differences 
found in Table 10.2. They are also generally in line with the 
published literature and the broader results of this study (Table 10.1). 


Table 10.2 Significant findings from further analyses (21) in 
which children with one or both “totally deaf" parents 
differed from those with hearing parents 


Communicative skills 


Auditory receptive capabilities’ Poorer 

Use of BSL’” More likely 

Production of BSL’ Better 

Understanding of BSL’ Better 

Use of SSE” More likely 

Production of SSE* Better 

Understanding of SSE° Better 
Academic achievements 

Academic abilities’ Higher 

Reading age’ Older 

Engagement in education® Better 
Quality of life 

Need for help with social Less need 


activities, e.g., shopping 
and inviting friends 


“Teacher ratings, 
*Parent ratings. 
Abbreviations: BSL, British sign language; SSE, signed supported English. 
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It may be noted, however, that this group of children do not have 
the negative feelings about life indicated in the broader study. 

The results for the other three subject groups are less clear, 
although three findings were significant at the (P <0.01) level. 
These indicate that children with one or both parents with 
“hearing difficulties” have less positive feeling about their lives. 
Those with one or more siblings with “total deafness” were 
reported by their parents to have poorer intelligibility of their 
British sign language (BSL). Those children with one or more 
siblings with hearing difficulties were reported by their teachers 
as achieving better key stage results in their education. The 
factors responsible for such results are not immediately clear 
and certainly more research is needed in this field. 


Effects of a family history 
of hearing problems in adults 
in the community 


The results to be considered here are derived from secondary 
analyses of two large-scale surveys, the UK Medical Research 
Council’s survey of Ear, Nose and Throat problems (MRC-ENT) 
conducted in 1998 in Wales, Scotland, and England (22,23) and 
the Australian Blue Mountain Survey conducted in New South 
Wales between 1997 and 2000 (24). The MRC-ENT study was a 
household survey administered to 22,000 households and provided 
data on some 34,000 individuals aged 14 years and older. The Blue 
Mountain survey combined audiometry and questionnaires and 
was administered to 2956 participants aged 49 years and older. 

Apart from the age and methodological difference between 
the two surveys, the key question on family history differed 
markedly between the two, one of the likely consequences of 
any studies based on secondary analyses. The relevant question 
in MRC-ENT was “Did any of your parents, children, brothers or 
sisters have great difficulty in hearing before the age of 55 years?” 
That used in the Blue Mountain Survey was “Do (or did) any of 
your close relatives have a hearing loss?” It is evident that the lat- 
ter question was more all-encompassing, and this is reflected in 
the fact that while 11% of the respondents to the MRC-ENT 
survey answered affirmatively (9.8% of those aged over 60 
years), 38% of those in the Blue Mountain survey indicated a 
family history in response to that question. 

Audiometric measures were performed only in the Blue 
Mountain survey. These indicated that, after controlling for age 
and sex, those with a parental family history of hearing loss had sig- 
nificantly worse hearing than those without (Fig. 10.1), with a 
lesser difference found for those with hearing-impaired siblings but 
hearing parents. This was true for both their better ear (BEHL) and 
worse ear hearing levels (WEHL), as well as for the mid- and for 
the high frequencies. However, all differences were relatively small. 

The impact of family history on the activity limitation 
(hearing problems) reported by the subjects was investigated by 
different general questions in the two surveys. In the MRC-ENT 
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Figure 10.1 Mean better and worse ear hearing levels for respondents with 
and without a family history of hearing loss (Blue Mountain survey). 
Abbreviations: BEHL, better ear hearing level; WEHL, worse ear hearing level. 


survey, the question “Do you have difficulty with your hearing?” 
derived from the Cardiff Health Survey (25) was used. In the 
Blue Mountain Survey, the question “Do you feel you have a 
hearing loss?” was posed. 

In subjects with a family history of hearing loss, a markedly 
greater proportion of the respondents in the MRC-ENT survey 
indicated hearing difficulties, irrespective of age-band or gender, 
compared with respondents with no such family history 
(Fig. 10.2) (23). In addition in the Blue Mountain survey, again 
a significantly greater proportion of those respondents with a 
family history reported hearing difficulties, and these results are 
compared with the MRC-ENT results for a similar age-band 
(Fig. 10.2). It may be seen from this figure that the proportions 
with a family history reporting difficulties were almost identical 
in the two studies, although the percentage of those without 
such a family history reporting such problems was lower in the 
MRC-ENT survey. This could be related to the fact that older 
subjects, on the whole, complain of hearing problems only when 
their hearing is poorer, compared with younger subjects (26). 

The question then arises as to how much of this family 
history effect relates to the differences in the hearing thresh- 
olds, seen in Figure 10.1, in the Blue Mountain survey. We 
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Figure 10.2 Percentages of older respondents with and without an FHHL reporting 
generic hearing difficulties. Abbreviation: FHHL, family history of hearing loss; 
MRC-ENT, Medical Research Council's survey of Ear, Nose and Throat problems. 
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Figure 10.3 Mean hearing levels (500 Hz-4 kHz) by reported hearing loss (Blue 
ountain survey). 


therefore examined the mean hearing levels as a function of the 
response to the “Do you feel you have a hearing loss?” question 
and these are shown in Figure 10.3. This shows that while the 
mean hearing levels for those reporting hearing difficulties are 
the same in the two groups, the mean hearing level for those 
reporting no hearing difficulties is lower in the group with 
parental hearing impairment. This indicates that those with 
such a parental history are more likely to report hearing diff- 
culties themselves at a better hearing level (i-e., they are more 
sensitive to milder impairments). 

Two quantitative questions about hearing difficulties were 
used in the MRC-ENT survey (“Do you have difficulty following 
TV programmes at a volume others find acceptable without any aid 
to hearing?” and “Do you have any difficulty hearing a conversation 
with several people in a group?”). These showed similar results to 
the results of the generic question with greater difficulties 
reported by those with a family history. These questions had 
response options “no difficulty, slight difficulty, moderate diff- 
culty, and severe difficulty” and so provided an indirect estimate 
of the level of hearing difficulties when we considered other 
effects of having a family history. 

Elsewhere, in a group of patients with tinnitus, the rela- 
tionship between these “surrogate” measures and the hearing 
levels has been examined (27). The first of these effects, which 
was considered was the annoyance caused by the hearing diff- 
culty “Nowadays how much does any difficulty in hearing worry, 
annoy or upset you?” The results of this analysis for those 
subjects reporting moderate or severe difficulties hearing the 
television are shown in Figure 10.4. Similarly increased levels of 
annoyance in the presence of a family history were also found 
for those with slight difficulties hearing the television and are 
presented elsewhere (23). Overall, it may be seen that for a 
given level of hearing difficulty, those with a family history of 
hearing difficulties find this more annoying than those without 
such a family history. 

The next aspect of hearing difficulties considered in the 
MRC-ENT survey was that of hypersensitivity to loud sounds as 
reflected in the question “Do very loud sounds annoy you?” Here, 
in view of the possible complicating factor of “recruitment,” the 
results were examined in terms of the difficulty, which the 
individuals experienced in hearing the television. Some repre- 
sentative results from this analysis, for those with no difficulties 
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Figure 10.4 Annoyance caused by hearing difficulties for those subjects with 
moderate or severe difficulties in hearing the TV (Medical Research Council's 
survey of Ear, Nose and Throat problems). Abbreviations: FHHL, family history of 
hearing loss; FH, family history. 


and those with moderate difficulties, are shown in Figure 10.5. 
These show again that, after controlling for the level of 
reported hearing difficulties, those individuals with a family his- 
tory of hearing impairment are more annoyed by loud sounds 
than those without such a family history. 

The other aural symptom to be considered in these analy- 
ses was tinnitus. The questions were “Nowadays, do you ever 
get noises in your head or ears (tinnitus), which usually last 
longer than five minutes” (MRC-ENT) and “Have you experi- 
enced any prolonged ringing, buzzing or other sounds in your 
ears or head within the past year...that is, lasting for five 
minutes or longer?” (Blue Mountain). While the questions in 
the two studies regarding tinnitus differed, both indicated that 
tinnitus was found more commonly in individuals with a family 
history of hearing impairment than in those without. Thus in 
the MRC-ENT survey, 34.9% of those with a family history 
reported tinnitus compared with 21.1% of those without such a 
family history. The equivalent figures from the Blue Mountain 
survey were 35.6% and 29.2%. 

Hearing level is the best predictor of the occurrence of tin- 
nitus (28) so, to control for this, the reported tinnitus in the 
MRC-ENT survey for those individuals with different levels of 
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Figure 10.6 Percentage of patients reporting tinnitus by reported hearing 
difficulty and family history (Medical Research Council's survey of Ear, 
Nose and Throat problems). Abbreviation: FHHL, family history of hearing loss. 


hearing difficulty was compared. These results are shown in 
Figure 10.6. This indicates that for all levels of hearing difficulty, 
those with a family history of hearing loss are more likely to 
report tinnitus than those without such a family history. 

The annoyance caused by the tinnitus and the effects of the 
tinnitus on the individual’s life was also examined in both stud- 
ies. In the Blue Mountain study, no significant effects were 
found in this respect. In the MRC-ENT survey, however, some 
interesting results were found, even after controlling for the fre- 
quency of occurrence of the tinnitus and the reported hearing 
difficulty. The reasons behind this difference in the results 
from the two studies are not clear and could well be due to the 
different criteria for the family history, as well as from different 
wording of the questions in the two studies. 

Figure 10.7 shows the levels of annoyance in the MRC- 
ENT survey (“Nowadays, how much do these noises worry, annoy 
or upset you when they are at their worst?”) caused by the tinnitus 
as a function of whether the tinnitus is present some or most of 
the time and the presence or absence of a family history of hear- 
ing difficulties. It may be seen that having such a family history 
results in greater annoyance provoked by the tinnitus. 

Finally, the responses to the question “Nowadays how much 
do these noises affect your ability to lead a normal life?” were 
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Figure 10.5 Annoyance caused by loud sounds for those with no and 
moderate difficulties hearing the TV (Medical Research Council's survey of Ear, 
Nose and Throat problems). Abbreviations: FHHL, family history of hearing loss; 
FH, family history. 


Figure 10.7 Annoyance caused by the tinnitus as a function of tinnitus 
occurrence and family history (Medical Research Council's survey of Ear, Nose 
and Throat problems). Abbreviations: FHHL, family history of hearing loss; 

FH, family history. 
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Figure 10.8 Reported life effects of tinnitus of different levels of annoyance 
by presence of family history (Medical Research Council's survey of Ear, Nose 
and Throat problems). Abbreviation: FH, family history. 


examined. Greater effects in the presence of a family history of 
hearing impairment, even when controlled for hearing level 
and tinnitus occurrence, were found (23). Most interestingly, 
even when controlling for the degree of annoyance evoked by 
the tinnitus, if the subject had a family history of hearing loss, 
the reported effect on their life was greater (Fig. 10.8). How- 
ever, this effect was most pronounced at the lower levels of 
annoyance. 


Family history effects in working age adults 


In addition to the broad retrospective population studies 
approached by secondary analysis, two studies have been per- 
formed in Sweden on working age adults in which the experi- 
menters returned to a previous experimental group with 
enquiries about their family history (29,30). The first study 
involved 50 adults with prelingual or early childhood onset of 
their hearing impairment seen in a clinic in Karlstad in Sweden 
and followed up over 15 years. The second comprised 445 
respondents with hearing impairment, of onset at a variety of 
ages, seen in various centres in Sweden, and who were still in 
the workforce. 

In the first of these studies (29), an extensive questionnaire 
was administered examining a range of psychosocial variables. 
Of the 50, 14 responded affirmatively to the question “Do any 
of your relatives have a hearing impairment?” and these were com- 
pared with those who did not report such a family history. The 
only significant differences between the two groups were that 
those with a family history were more likely to have had a uni- 
versity education (36% vs. 11%) and were more likely to report 
that they wanted to leave their current employment (33% vs. 
6%). These responded with yes to the question “Do you want to 
leave work because of your hearing impairment?” The differences 
occurred despite the fact that the two groups did not differ 
significantly across a range of demographic variables. 

In the second study (30), family history of hearing impair- 
ment was defined as onset of hearing problems before the age of 
45 years in the respondent’s mother and/or father and/or onset 
before the age of 20 years in the respondent’s brother and/or 


sister. Twelve percent of the population met this criterion and 
they were compared with those subjects without any family 
history. The only significant differences found in the work situ- 
ation and work experience were that females were more likely 
to be in work that had required a university education if they 
had a family history of hearing problems (x = 8.64; 3df; 
p = 0.034). This is despite having generally poorer hearing 
levels than those without such a family history. These results 
are broadly in line with the previous study (29) and a number 
of the studies discussed earlier in the section of the influence of 
having such a family history in children. 


Reports of the impact of having a family 
history of hearing impairment 


Within this section of the chapter, the results obtained with 
three different approaches will be described. Firstly, the effects 
of simply asking patients seen in a clinic, or subjects contacted 
via the internet, to list the effects on them of having such a 
family history (31,32) will be described. Secondly, the results 
obtained using a structured questionnaire based on the results of 
the first studies (33,34) are presented. Finally, the results of 
some in-depth interviews of patients with a family history of 
hearing difficulties (35) will be summarised. 

In the first of our open-ended studies (31), patients attend- 
ing audiological rehabilitation clinics who were found to have 
a family history of hearing impairment during the clinical inter- 
view were administered the following questionnaire: 

“You have mentioned that other members of your family have or 
have previously had hearing problems. Does this information have 
any effect on your reaction to your own hearing problems? (please 
tick the answer that applies most to you) - YES NO 

If YES, please list any ways this knowledge has affected you. 
Write down as many effects as you can think of.” 

The study had three specific aims: 


To determine what proportion of such patients saw their 
family history as having an effect on them 

To determine whether any such perceived effects were 
positive or negative 

To elucidate the specific nature of any such effects 


The questionnaire was administered to 102 consecutive 
individuals seen in audiological rehabilitation clinics and who 
had a family history of hearing difficulties. Two-thirds were 
female and they had a median age of 67 years. Fifty-seven per- 
centage reported that having a family history of hearing prob- 
lems had influenced their reaction to their own hearing loss. 
Among these respondents, a total of 150 “effects” were listed. A 
breakdown of these is shown in Table 10.3. The first category of 
“general effects” covers those unrelated to the family history, 
such as nonspecific hearing difficulties (e.g., “having TV vol- 
ume too loud for others”) and will not be considered any fur- 
ther. The “positive” and “negative” categories are self-explanatory 
and will be considered further below. The “neutral” category 
comprised those responses, which did not obviously entail 
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Table 10.3 Nature of responses to the family effects 
questionnaire 


Nature of response Number of responses 


General (nonfamilial) effects 30 
Positive effects 68 
Negative effects 23 
"Neutral" effects 28) 


either a positive or a negative effect on the respondent (e.g., 
“my hearing loss is less of a problem than my sister’s, because of 
treatment in the hearing clinic”). 

The nature of the positive responses concerned predomi- 
nantly early help-seeking and hearing aid fitting as well as a 
providing a better understanding of their own and others’ prob- 
lems. These, as well as the negative responses will be considered 
further below. Such negative responses were centred around 
concerns for their own future or for that of their children 
and grandchildren. 

Within the second part of this study were included the 
questions on the “Gendeaf,” “Hearing Concern,” and “Dutch 
Society of Hard-of-Hearing people” websites. For the last, 
the questions were translated into Dutch (32). Almost all 
the responses came from the Dutch website, and only one 
respondent out of 41 indicated that the family history had 
no effect. In all, 90 specific responses were obtained, almost 
equally divided between the “positive,” “negative,” and “neu- 
tral” categories. 

In this study, the main aim, apart from a comparison with 
the clinical population of the previous study, was to define in 
more detail the specific response categories, following the 
approach of Graneheim and Lundman (36). This entailed 
deriving “themes” from the “meaning units” or responses. This 
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Figure 10.9 Positive, negative, and neutral elements of themes identified. 
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is described in some detail elsewhere (32), and ended with six 
themes “role modelling,” “expectation/anticipation,” “accep- 
tance,” “help-seeking,” “sharing knowledge,” and “concern for 
the future/offspring.” Each of these was then considered in 
terms of “positive,” “negative,” and “neutral” effects on the 
individual, and the pattern of results is shown in Figure 10.9. 
From this it may be seen that role modelling, help-seeking, and 
sharing knowledge are predominantly characterized by positive 
reactions. Acceptance and “worry about the future/offspring” 
evoke predominantly negative reactions, and expectation/ 
anticipation evokes a largely neutral response. 

Based on the most commonly found responses from these 
open-ended questionnaires, which indicated an effect of having 
a family history (positive, negative, or neutral), we developed a 
structured questionnaire (33,34). This comprised 20 questions 
to which the respondent had a response choice of “definitely 
true,” probably true,” “probably not true,” and “definitely not true,” 
and is shown as Appendix 1. The questionnaire was adminis- 
tered to groups of patients in Cardiff who indicated that they 
had a family history of hearing impairment, and also to those 
subjects who had responded by internet to the open-ended 
questionnaire in the previous study (32). A total of 192 subjects 
took part in the overall study, with their ages ranging from 17 
to 92 years (mean 60.4, SD 13.9 years). 

A correlation matrix performed on the responses indicated 
that 18 of the 20 items related to most of the others, the excep- 
tions being item 4 (“I didn’t realize hearing problems were heredi- 
tary”) and item 11 (“I am not worried about using hearing aids, as 
I know how much of a problem it is for others without one”). We 
therefore excluded these two items from a factor analysis, which 
subsequently identified five factors, accounting for 58.1% 
of the total variance. Of these, two factors had acceptable 
a coefficients and are shown in Table 10.4. 

These amounted to “positive effects” of the family history 
(eight items—factor 1, with an a@ coefficient of 0.83) and 
negative effects of the family history (three items — factor 2, 
with an a coefficient of 0.60). When we related these to 
demographic and other possible predictor variables, factor 1 was 
significantly related to the response to question 4—awareness of 
family history (FH) — (p = 0.04), with increased positive feel- 
ings related to greater awareness of a family history. Factor 2 was 
significantly related to overall hearing level (p = 0.016) and 
the study source (p=0.012). The former relationship indicates 
that the more severe the experienced hearing loss, the more 
negative the respondents consider the impact of a family history 
to be. The impact of study source is discussed below. 

A breakdown of responses showed that, for 12 of the ques- 
tions, there was no significant difference between the responses 
from the three groups of subjects (Cardiff clinic patients, 
Cardiff patients from an age-related hearing impairment study, 
and Dutch website respondents) (34). A factor analysis on this 
group of questions revealed three factors accounting for 56.4% 
of the total variance, with two of the three factors being essen- 
tially those shown in Table 10.4. Significant differences 
between the study groups were found for seven questions 
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Table 10.4 Factor structure of the FHHL structured 
questionnaire with factor loadings, total variance and a 
coefficients of the two main factors 


Item Factor % Total a Factor 
variance Coefficients loading 


- Awareness of 21.8 0.83 - 
family history: 
positive effects 

1 Awareness of - - 0.73 
danger of social 
isolation 


0.74 


3 Family history 
made me not 
ignore the 
problem 


7 Open about - - 0.71 
problems, so 
that others 
can help 

19 Family history - - 0.70 
prompted me 
to seek help 
sooner 


5 Awareness of - - 0.67 
other people 
with hearing 
problems 


9 Empathy with - = 0.64 
people being 
irritated by me 
asking for 
repetition 
17 Comfort from - - 0.61 
fact my family 
had coped in 
more difficult 
circumstances 


13 | try to encour- - - 0.41 
age others who 
are too proud 
to seek help 


- Awareness of 10.2 0.60 - 
family history: 
negative effects 

16 Expectancy of - - 0.69 
problems later 
in life because 
of family history 


15 Knowledge about - - 0.68 
cause of my 
problems 

10 Worry about - - 0.53 


children’s future 
hearing problems 


(2,3,4,8,9,12,14 and 20). Within these, the two Cardiff groups 
generally gave the same response, but differed from the website 
group who were also younger. Further analyses on all the ques- 
tions for the Cardiff groups amalgamated indicated again that 
the two main factors were “positive effects of FH” and “negative 
effects of FH.” Again, “positive effects,” accounting for 25% of 
the total variance, were related to question 4 (awareness of 
FH), and “negative effects” (12% total variance) were related to 
severity of hearing loss. 

The final study in this series comprised an analysis of 
in-depth interviews with 11 individuals who had a family 
history of hearing difficulties (35). Again one of the most 
important factors to emerge is whether the individual had 
previously been aware of this family history, with four subjects 
so aware and seven unaware of the fact that their relatives’ 
hearing losses related to their own. In both groups, there is 
some effect on transactional communication, but in the aware 
group, important influences are found also in relational and 
experiential areas. 

A positive experience reported in the transactional domain 
from one of the individuals aware of the family history was 
“knowing there was a system of helping me, that is what encouraged 
me, knowledge, family encouraging me’. And also the teasing 
“you're getting deaf now and that kind of thing, so I was encouraged 
by the family.” An example of a less positive, rather neutral, 
response in a relational context is illustrated by “My daughter is 
44 now in September, I think she is going to be like me, (son) has 
good hearing, but she is going to follow me, she has to go get her ears 
syringed quite frequently. So I would imagine she is going to have the 
same problems as me. She is exactly like I was at that age.” Finally 
an example of a positive experiential response is illustrated by 
the following, concerning the respondent’s hearing aid: “I think 
aren’t I fortunate that I have something that I can wear, whereas my 
dad had to just put up with it. I would have loved him to have access 
to something like this.” 


Effects of a family history of 
hearing loss on reported disabilities, 
psychological effects, motivation, 
and rehabilitative outcome 


Within this section, three studies, which are in many ways 
related to each other, will be considered (37-39). They consid- 
ered adults who were predominantly late middle aged and, in 
general, only very minor differences were found between those 
with and without a family history of hearing impairment. 

In the first of these studies (37), the 109 subjects were 
aged between 55 and 65 years of age and had symmetrical 
sensorineural hearing impairment of adult onset. They were 
taking part in an aetiological and genetic study on age-related 
hearing impairment. Fifty-one had no family history of hearing 
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impairment and 58 did. Their mean better ear hearing level was 
38.3 dB and the WEHL was 47.0 dB. There were no significant 
differences in gender, age, or hearing level between the two 
groups. 

Activity limitation and participation restriction were assessed 
using the quantitative Denver Scale (40), and depression and 
anxiety were assessed using the Hospital Anxiety and Depression 
Scale (41). Overall scores for both scales showed no significant 
difference between the two groups of subjects, although some 
interesting differences were found with some of the individual 
questions. Thus on Question 10: “I tend to be negative about life in 
general because of my hearing problem,” a participation restriction 
question studying the attitude of the patient towards their peers, 
those with a family history hearing impairment (FHHI) present 
a more positive attitude about their life despite their hearing 
impairment (Z = — 2.00; p = 0.04). Similarly on Question 23: 
“T do not like to admit I have a hearing problem,” another participa- 
tion restriction question, those with an FHHI are more likely to 
disagree with the statement that they do not like to admit having 
a hearing impairment (Z = —2.15;p = 0.03). 

The other interesting finding to emerge was the association 
between impairment as measured by the better ear hearing lev- 
els or WEHLs averaged over 500 to 4kHz and the measures of 
activity limitation and participation restriction. In a range of 
studies reviewed by Noble (42), impairment has generally been 
found to have a strong association with activity limitation (for- 
merly disability) and a weaker association with participation 
restriction (formerly handicap). Table 10.5 shows that in these 
subjects, those with a family history show a significant relation- 
ship between impairment and activity limitation but not with 
participation restriction. However, those with no family history 
show significant associations between impairment and both 
activity limitation and participation restriction. These results 
suggest that the experience of having a family history of hearing 
problems may modify the development of participation restric- 
tions from activity limitations. 
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The second study (38) had two components, a secondary 
analysis of an earlier study, which had looked the effects of 
motivation on hearing aid outcome measures (43) and a 
prospective study on the effects of a family history on motiva- 
tion for rehabilitative help. In the former, case files on 58 
patients, attending a clinic to obtain hearing aids for the first 
time, were reviewed to obtain details of whether or not they 
had a family history of hearing problems. Thirty-one had such 
a family history and 27 did not. These were analysed in terms 
of whether the individuals’ parents were affected. The mean age 
of this group was 70 years with the mean better ear hearing 
level 42 dB. Motivation was assessed in terms of duration of 
reported hearing difficulties prior to attendance, whether or not 
they came from self-motivation or as a result of family pressures, 
and a clinician rating of the level of their motivation for hear- 
ing aid help. Outcome measures were in terms of satisfaction, 
reported use of their aid(s), their manipulative skills with the 
aids, and how they were using the aid. The only significant 
effects of having a family history were that those with such a 
history reported a longer duration of hearing problems 
(p = 0.024) and those whose parents had been hearing- 
impaired were more likely to be self-motivated in their 
help-seeking (p = 0.034). None of the outcome measures 
showed a significant difference between those with and without 
such a family history. 

In the prospective study, following the introduction of 
digital signal processing hearing aids in the National Health 
Service in Wales, 62 first time hearing aid users were seen with 
a mean age of 67 years and a mean better ear hearing level of 
38dB. The same assessments of motivation were used but, in 
this case, no significant relationship was found between the 
measures and whether or not they had a family history of hear- 
ing problems. The difference between the two study groups 
could be related to the fact that the introduction of the new 
technology (digital signal processing hearing aids) attracted 
younger patients with milder hearing losses and who had not 


Table 10.5 Relationship between impairment and activity limitation and participation restriction in those with and without 


a family history 
Questions (Denver scale) 
- Without FHHI 


= Kendall's correlation 
coefficient (7) 


— 0.28 
=024 


Activity Limitation 
Participation 


Restriction 


Abbreviation: FHHI, family history of hearing impairment. 


Better ear 
With FHHI 
Significance Kendall's correlation Significance 
coefficient (7) 
0.006 — 0.341 0.000 
0.02 -—0.11 0.246 
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been prepared to seek referral when only “old” technology 
was available. 

The final study in this section (39) was a follow-up of 
patients fitted with hearing aids as part of an investigation on 
their impact on a range of psychosocial measures (44). They 
were investigated at 6 and 12 months after being fitted with 
hearing aids and also questioned about their family history. Of 
the 171 subjects, 83 reported a family history and 88 did not. 
The mean age of the group with a family history was younger 
(68 years vs. 72 years, x = 2.28; p = 0.02). The scores of the 
two groups on measures of depression, cognitive disorder, anxi- 
ety, social isolation, and sensory hyperaesthesia did not differ 
significantly from each other either at fitting or at 6 or 12 
months later. The one difference found concerned hyperacusis 
on the auditory sensitivity or hyperacusis scale (45), but then 
only at six months after fitting the hearing aids (Fig. 10.10). 

These results indicate that, at that time, hyperacusis was a 
greater problem in those with a family history of hearing diffi- 
culties (t=1.99; p = 0.05). These results were mirrored in 
the emotional response component of the hyperacusis scale 
(t = —2.10;p = 0.04), which had further implications in that 
this was the only measure, which differentiated between those 
who continued using their hearing aids and those who gave 
them up. However, after 12 months, there was no significant 
difference between the groups. Despite this, it is interesting to 
note some parallelism with one of the epidemiological studies 
(23), which found higher levels of reported hyperacusis in indi- 
viduals with a family history of hearing difficulties (Fig. 10.5). 


Family history effects on tinnitus 


Earlier, epidemiological results were presented indicating that tin- 
nitus was more commonly reported by patients with a family his- 
tory of hearing loss and also that they found it more annoying and 
reported that it had a greater effect on their lives (Figs. 10.6-10.8). 
Two parallel studies (27,46) were subsequently performed to 
determine whether this applied to members of tinnitus self-help 
groups and to patients attending a tinnitus clinic. This also 
provided an opportunity to examine different aspects of any 
possible family history impact on tinnitus-complaint behaviour. 


Hyperacusis 

19 
18 
17 
16 o FHHI 
15 m Absence of FHHI 
13 
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Figure 10.10 Hyperacusis score before and at 6 and 12 months after hearing 
aid fitting. Abbreviation: FHHI, family history hearing impairment. 


For both studies, a three-part questionnaire was developed, 
which comprised a section on general and demographic back- 
ground including family history of tinnitus and of hearing loss, 
the International Tinnitus Inventory (ITI) (47), a unidimen- 
sional measure covering different aspects of tinnitus impact, 
and the Tinnitus Reaction Questionnaire (TRQ) (48), which 
focuses on psychosocial aspect of tinnitus impact. For the pur- 
pose of the present chapter, the two studies will be considered 
together. 

The French section of the study comprised 518 subjects 
(333 males, 185 females) who responded to questionnaires 
administered at self-help groups or via the website of “France 
Acouphénes,” the French tinnitus association. The mean age of 
the respondents was 47.1 years (SD 14.1 years) and 88% of the 
responses came from the website. The Welsh section comprised 
102 consecutive patients (56 males and 46 females) seen in the 
tinnitus clinic of the Welsh Hearing Institute in Cardiff. Their 
mean age was 57.7 years (SD 14.7 years). The median duration 
of tinnitus was five years in both samples (interquartile range 
3-12 years for the Cardiff subjects and 1.5—10 years for those 
from Lyon). 

The first questions asked whether the individuals had a fam- 
ily history of tinnitus and how it might have influenced them: 

“Do or did other members of your family (brothers, sisters, 
parents, grandparents, etc.) have problems with tinnitus? 

If yes, has this influenced your reaction to your own tinnitus? 

If yes, please list any ways this knowledge has affected you. 
Write down as many effects as you can think of.” 

The related questions asked about a family history of hear- 
ing loss and how this might have influenced their reaction to 


Table 10.6 Numbers of subjects reporting a family history 
of tinnitus or hearing loss and its effect on their reaction 
to their own tinnitus 


- Cardiff 
participants 


Lyon 
participants 


Family history of 3 (2.9%) 41 (8%) 
tinnitus only 

Number indicating 3 12 

an effect 
Family history of 29 (28.4%) 114 (22%) 
hearing difficulty 

Number indicating 11 4 

an effect 
Family history of 22 (21.6%) 80 (15.4%) 
both together 

Number indicating 6 11 

an effect 
Family history 48 (47%) 283 (54.6%) 


of neither 


their tinnitus were “If yes, has this influenced your reaction to your 
own tinnitus?” The responses to the first two questions are 
summarised in Table 10.6, which indicated that only a minor- 
ity of those reporting a family history indicated that it influ- 
enced their own reaction, and that this proportion was highest 
in those indicating a family history of tinnitus alone. 

The nature of the responses given is shown in Figure 10.11. 
A number of nonspecific responses from Cardiff such as “I learned 
within the past few months that my brother has also suffered with 
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tinnitus for a number of years” have been excluded. Figure 10.11 
indicates that, while overall those with a family history of tinnitus 
report more positive than negative results and those with a family 
history of hearing loss more negative than positive results, there is 
a wide scatter of responses. Thus many with a family history of 
tinnitus reported a negative impact and a few of those with a 
family history of hearing problems reported a positive impact. 
The specific responses may be analysed using the 
Graneheim and Lundman (36) technique, used earlier with 
responses to effects of family history on the individual’s reaction 


to his/her hearing difficulties (e.g., Fig. 10.9). The full list of 


Table 10.7 
and negative “meaning units" 


Meaning unit Positive/negative 
Made me think of my grandmother's Positive 
problems and how she coped 

Often saw my father suffering a lot, Negative 
crying because of his tinnitus, 

thinking of committing suicide 

More relaxed about the problems Positive 
as | can see it's not as 

debilitating as | may 

have once thought 

I'm afraid | will become Negative 
hard-of-hearing because my 

grandfather's deafness was 

related to his tinnitus 

Aware of slight changes Positive 
in my own hearing 

I'm afraid it will trigger Negative 
psychological disturbance 

At first tinnitus got on my Positive 
nerves, but | did my best to 

copy her fatalism and serenity 

= Negative 
| have become more Positive 


understanding of the 
suffering of sufferers 


= Negative 


FH Ti Pos FHTiNeg FHHL Pos FHHL Neg 


Figure 10.11 Numbers of positive and negative reactions to tinnitus and 
hearing loss family history. Abbreviations: FHHL, family history of hearing loss; 
FH Ti, family history of tinnitus. 


responses may be seen elsewhere (27,46). In terms of the analysis, 
five themes were developed after analysis of the meaning units. 
These are shown in Table 10.7, which gives an example of 
positive and negative meaning units within the different 


“Themes” in responses about the impact of a family history on tinnitus reactions with examples of positive 


Number of responses Theme 

12 Reaction/example of 
family members 

4 = 

12 Understanding of 
symptoms 

8 = 

1 Reaction to 
symptoms 

15 - 

6 Relieving factors 

) = 

5 Empathy with others 

) = 
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themes and also the number of such meaning units within each 
grouping. This indicates a predominance of positive reactions, 
except for the theme “reaction to symptoms.” 

Analysis of the impact of family history on responses to the 
structured questionnaires differed somewhat between the two 
studies. In terms of the basic measure of tinnitus, the ITI, no 
significant differences in the total scores between those with 
and without a family history in either study were found. How- 
ever, in the Lyon study, the ITI question on sleep (“Over the past 
two weeks, how much has your tinnitus affected your sleep?”) 
showed a significantly better score in those with a family history 
than in those without (P<0.02). In addition, a number of 
other significant differences were found in the different family 
history subgroups (46). In the Cardiff study, significant differ- 
ences were found in response to three of the individual ques- 
tions on annoyance (“Think about your tinnitus over the past two 
weeks. On an average day, how often have you found it annoy- 
ing?”), peace of mind (“Over the past two weeks, how much has 
your tinnitus affected your peace of mind?”), and enjoyment of life 
(“Considering everything, how much has your tinnitus changed your 
enjoyment of life?”). In all cases, those with a family history were 
less affected by their tinnitus. 

In the TRQ, aimed at tapping particularly the psychosocial 
aspects of tinnitus, somewhat different family history effects 


Table 10.8 Significant differences in tinnitus reaction 
questionnaires’ individual questions between those with and 
without a family history of tinnitus 


Question Cardiff Lyon 
3. My tinnitus has made - P < 0.05 
me feel irritable 
4. My tinnitus has made - iP < OP 
me feel angry 
11. My tinnitus has P < 0.02 P < 0.02 
“driven me crazy" 
12. My tinnitus has P < 0.05 = 
interfered with my 
enjoyment of life 
18. My tinnitus has - P < 0.05 
interfered with my 
ability to work 
20. My tinnitus has P < 0.03 — 
led me to avoid 
noisy situations 
21. My tinnitus has led - P < 0.05 
me to avoid 
social situations 
23. My tinnitus has - P< 0.05 


interfered with 
my sleep 


were found, although all pointed towards those with a family 
history of tinnitus reporting that their own tinnitus had less 
impact on them. In the Lyon study, the total score for the TRQ 
showed less impact of tinnitus in the family history group than 
in those without such a family history (P_ < 0.05). In both pop- 
ulations, examination of the family history subgroups indicated 
that the significant differences were restricted to those with a 
family history of tinnitus and did not occur in those with a 
reported family history of hearing loss alone. The significant 
differences for the individual questions are shown in Table 10.8. 
This shows benefits of having a family history of tinnitus in a 
number of psychosocial domains, but little concordance 
between the two studies. 

Overall it may be concluded that the effects of the role 
model, of having a member or members of the family with tin- 
nitus, are generally in a positive direction, lessening the impact 
of tinnitus on the individual. Having family member(s) with 
only hearing problems has a lesser effect and is sometimes in the 
direction of increasing the individual’s negative reaction. 


Otosclerosis 


Otosclerosis is interesting in the general context of the psy- 
chosocial impact of genetic disorders as it is one of the few 
genetic disorders resulting in a hearing loss, which may be 
amenable to surgical intervention. It characteristically causes 
fixation of the stapes footplate, but can also affect the cochlea. 
Traditionally it has been regarded as an autosomal-dominant 
condition with incomplete penetrance, but only some 50% of 
patients present with a clear family history. Much still needs to 
be done to identify the detailed genetic background of the 
condition (see Chapter 8) but, at the time of writing, a number 
of genes responsible for the condition in different families 
have been localized (49), although none have been specifically 
identified. 

Previous psychosocial studies of otosclerosis have been very 
limited (50) and have highlighted some patients’ overriding 
concerns about surgery (51) but have also indicated psycholog- 
ical improvements after successful surgery (52). Two recent 
studies have examined the attitude of patients with otosclerosis 
to a range of genetic developments and interventions (53) and 
to the reported impact in those with a family history of the 
condition (54). 

In the first of these studies (53), 71 patients with the con- 
dition were given a structured questionnaire, which had been 
developed and used in other research involving deaf and hard- 
of-hearing parents of deaf children (55). The 53% of those with 
a family history of otosclerosis did not differ significantly in 
their responses to any of the questions from the 47% who did 
not have such a family history. In reply to “If there was a cure 
or treatment for deafness, would you want to have it?” 75% 
indicated that they would like such a treatment. Again 
some three-quarters of respondents responded with yes to the 
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question about early screening for the condition “If you could 
have had a genetic test (blood test) when you were younger that 
would have predicted whether you were likely to develop a hearing 
loss when you were older, would you have wanted such a test?” 

Some 89% indicated that they communicated either suc- 
cessfully or very successfully with their partner and only 4% 
indicated that their condition was a great burden to them and 
only a quarter of these had difficulty coping. Further elements 
of the response to this question are shown in Figure 10.12. 
Seven percent reported feeling either advantaged or both 
advantaged and disadvantaged by their condition, but 54% felt 
disadvantaged (Fig. 10.13). 

In the second study (54), 22 patients seen in clinics in 
Belgium and Wales who had a family history of otosclerosis 
were asked whether this had influenced their reaction to hav- 
ing the condition and, if so, in what way. Seventy percent indi- 
cated that it had influenced their reaction and, of these, 
two-thirds reported that such an effect was positive. When 
asked to specify ways in which their otosclerosis had affected 
them, the responses were very similar to those found 
among other hearing-impaired patients with a family history of 
hearing impairment (32). The breakdown by themes is shown 


Great burden, difficulty coping | 


Great burden but can cope §j 


Moderate burden, but can cope 


No burden | 
Ta TTT TT 


0 10 20 30 40 50 60 70 


Very little burden 


Figure 10.12 Responses to "Some people with no experience of deafness might 
assume that this is burdensome for a person who has lost their hearing. Please can 
you say whether you feel, in reality, an actual burden of having a hearing loss?" 


Advantaged 
Disadvantaged 
Hf Neither 

Both 


Figure 10.13 Responses to question "Do you fee! you are advantaged/ 
disadvantaged in any way because of your hearing loss?" 
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Figure 10.14 Positive, negative, and neutral elements of themes reported in 
patients with otosclerosis. 


in Figure 10.14, which shows again that negative responses are 
mainly related to “concern about the future and family” 
and positive responses related to “role models” and “sharing 
knowledge.” Interestingly, none of the responses made any 
reference to surgery. 

In addition, the patients were asked about their attitude 
towards developments in genetics. In general, these individuals 
with otosclerosis were more positive about such developments 


than hard-of-hearing and deaf parents of deaf children investi- 
gated by Middleton (see Chapter 11) (55). 


Neurofibromatosis 2 


This condition is considered here as it is one of the few genetic 
conditions causing hearing loss, in which premature death 
may occur. It is a dominantly inherited condition caused by a 
mutation on chromosome 22. However, only some 50% have a 
clear family history, with the remainder resulting from new 
mutations. 

Total deafness is likely in most cases as a result of bilateral 
vestibular Schwannomas or surgery to remove them. In addi- 
tion, NF2 is associated with meningiomas, gliomas, and 
ependymomas affecting different parts of the central nervous 
system, as well as Schwannomas affecting the peripheral nerves. 
Furthermore, presenile lens abnormalities are common, and 
some affected individuals experience facial weakness after 
surgery for removal of the vestibular Schwannomas. 

Despite this plethora of consequences of the condition, a 
recent review (56) was unable to identify any systematic inves- 
tigations of the psychosocial impact of the condition. This 
resulted in a pilot open-ended investigation of 20 patients with 
the condition (57) and 15 of their partners (58). 

The first question asked the patients “What effects has having 
NF2 had on your life?” While five of the responses to this 
question referred to positive effects, the vast majority (43/48) 
were negative. The most commonly reported areas are shown in 
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Figure 10.15 Main areas reported in response to “What effects has having NF2 
had on your life?” in patients with NF2. Abbreviation: NF2, neurofibromatosis 2. 


Figure 10.15. In this it may be seen that hearing and balance prob- 
lems comprise the most common problems for these patients. 

They were then asked to specify “which of the following is 
the biggest problem: hearing difficulties, facial weakness, mobility 
problems, visual difficulties or others?” Of the responses to 
this question, some individuals specified more than one area. 17 
of the 20 specified hearing problems, 10 mobility and seven 
facial weakness. More detailed results are shown elsewhere 
(57), as are the results of questions probing further for such 
effects. 

When the question “Are there any positive effects that the 
diagnosis has had on your life?” was posed, 15/20 of the patients 
listed one or more positive effects. The most commonly 
reported positive experiences were “It has made me more consid- 
erate, caring and sensitive towards other people,” specified by five 
respondents, and “Has made me more deaf and disability aware,” 
specified by three. 

Fifteen of the partners of these patients were presented 
with two questions “Please could you tell me about the ways in 
which your partner being diagnosed with NF2 has affected your life?” 
and “Are there any positive effects that the diagnosis of NF2 in your 
partner has had on your life?” The commonest areas of response 
to the first of these questions (16 responses from 14 significant 
others) comprised hearing difficulties and problems with com- 
munication. Fourteen responses from nine significant others 
specified the need to support the patient physically or emotion- 
ally or were concerned with worries about their partner’s and 
children’s future health. These and the other most commonly 
reported areas are shown in Figure 10.16. 

Twelve significant others listed one or more positive expe- 
riences resulting from their partner's NF2. The most common 
areas reported are shown in Figure 10.17. The area most com- 
monly specified was increased respect for others with disabilities 
and increased feeling of closeness to their partner. The genetic 
component refers to the benefits received from genetic coun- 
selling and related advice. 
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Figure 10.16 The most common responses received from significant others 
to "Please could you tell me about the ways in which your partner being 
diagnosed with NF2 has affected your life?" Abbreviation: NF2, 
neurofibromatosis 2. 
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Figure 10.17 Main responses received from significant others to the question 
"Are there any positive effects that the diagnosis of neurofibromatosis 2 in 
your partner has had on your life?" 


Overall, it may be seen that in NF2, the hearing difficulties 
and their subsequent effects on communication play an impor- 
tant part in terms of the negative impact of the condition on 
both patients and their partners. However, despite the disabling 
nature of the condition, both patients and their partners are 
able to perceive positive consequences of the condition. These 
are further highlighted in a short autobiographical account by a 
patient with the condition and his wife (59). 


Conclusions 


The overall results of the studies described in this chapter 
indicate a small but significant beneficial effect of having family 
members with hearing impairment. Provided that the 
individual with hearing difficulties is aware of the causative 
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relationship between their own hearing problems and those of 
other family members, such relatives can be taken as role models. 
This may apply to patients complaining both of hearing diffi- 
culties and of tinnitus, although, in the latter case, it seems that 
having a family history of tinnitus rather than hearing problems 
is what is important. Indeed, for these people with a family his- 
tory of hearing loss alone, there may be negative effects on their 
adjustment to their tinnitus. 

An interesting result is that broadly the same positive 
effects occur with such role models regardless of their specific 
aural condition (e.g., genetic hearing impairment, tinnitus, oto- 
sclerosis, and NF2). In all cases, benefit would seem to come 
from both the positive experiences of family members and from 
the affected individual being determined not to make the same 
mistakes as their relatives. 

One of the main limitations of the present studies is that 
the retrospective studies, based on secondary analyses, used def- 
initions of a family history as well as outcome measures which 
were far from ideal from the standpoint of research on the 
impact of genetic hearing impairment. Indeed, even the 
prospective studies concentrated on aspects of family history 
rather than directly approaching specific genetic disorder, so do 
not exclude the possibility of any other impact due to specific 
genetic disorders or forms of inheritance (e.g., mitochondrial 
and X-linked). However, given the results currently available, 
such effects are not likely to be large. In addition, apparent 
differences between the results of general population-based 
studies and those based on clinical populations, as well as 
those between the latter and web-based studies on members of 
self-help groups, merit further exploration. 

Finally, there is a need to explore the way in which these 
results could be incorporated into the counselling of individu- 
als with hearing difficulties and tinnitus by hearing therapists 
and audiologists as well as by genetic counsellors. Such 
counselling will need to cover both generic counselling 
within the context of the specific genetic disorder and the 
nonspecific psychosocial impact of hearing impairment, 
but also will need to take on board the impact of affected family 
members. 
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Attitudes 


of deaf 


people and their 
families towards 


issues surrounding 


genetics 


Introduction 


Genetic health services in general could be improved with 
more insight into the particular concerns and fears of patients 
with different genetic conditions. Previous research has docu- 
mented the lay understanding of genetics (1,2) and has looked 
at case-study discussion of the experience of living with a 
genetic disorder (3). However, more research is needed to fully 
explore the experience and specific demands that deaf patients 
and their families have with respect to genetic issues. 

This chapter provides an overview of some of the research 
that has been done to investigate the attitude of deaf people and 
their families towards genetics and genetic testing. Before this is 
covered, it is introduced with an overview of the different per- 
spectives of deafness. This is followed by more practical sections 
on genetic testing services and what happens within genetic 
counselling. Then, a brief summary is given on the historical con- 
text to issues surrounding genetics, eugenics, and deaf people. 


Perspectives of deafness 


Deafness can develop at any stage of life, the clinical conse- 
quences may vary, and this may impact in different ways on the 
individual’s daily functioning. Deaf people may have to alter 
their use of language and communication in order to function 
effectively in the hearing world. For a mildly deaf person, this 


could be through the use of speech with additional lipreading or 
for a profoundly deaf person this could be through the use of a 
sign language or its derivatives. 

The “pathological” or “medical” model views deafness as a 
medical defect, which needs treatment or correction. For exam- 
ple, a cochlear implant or hearing aid aims to restore hearing as 
much as possible, with the view that to be hearing is the preferred 
option for the patient. However, this perspective is in stark con- 
trast to the way deafness is viewed as part of the “cultural” model. 
Within this, deafness is not a disability, but rather an experience 
that is just different, and certainly not defective. Here, the main 
form of communication is often sign language. People who con- 
sider themselves “culturally Deaf” (written with an upper case D) 
will often not perceive that they have a disability or impairment. 
They feel positive and empowered by their language and have a 
strong Deaf identity (4). They also tend to mix and socialize with 
many other Deaf people (5,6). Deaf identity evolves over time, 
the process is influenced by the interactions deaf people have 
with other deaf and hearing peers (7). 

Within the United Kingdom, it is thought that there are at 
least 50,000 deaf people who use British Sign Language (BSL) 
as their first or preferred language (8), such people may consider 
themselves culturally Deaf. These people may come from fami- 
lies where there are several relatives who are deaf. Such a “Deaf 
culture” exists in many countries across the World, e.g., in the 
United Kingdom, United States, Netherlands, Sweden, 
Norway, Germany, and Australia. 
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When there are numerous similarly affected relatives with 
profound deafness in the same family, there is often a shared use 
of sign language (e.g., BSL in the United Kingdom). Such indi- 
viduals may also choose to mix, socialize, and work with other 
Deaf people and may also choose to have a partner who is Deaf. 
Approximately 90% of Deaf individuals are thought to marry 
another Deaf person (not including individuals with late onset 
deafness) (9). 

The audiological level of deafness is not always a direct deter- 
minant of membership of the Deaf community (10). Although 
most people have a congenital or early onset, profound level of 
deafness, there are many people with this level of deafness who 
associate themselves more with the hearing world. Conversely, 
there are people with a mild level of deafness and residual hear- 
ing who consider themselves part of the Deaf community. 

When a baby is born to deaf parents, there may be an antic- 
ipation that it will have inherited its parents’ hearing loss. The 
reaction to this may be mixed. Much depends on the d/Deaf 
parent’s own values and beliefs about their deafness and their 
experience of being deaf within the wider mainstream society. 

Research by the author looking at these issues has shown 
that deaf parents are much more likely than hearing parents to 
feel that their deaf children do not place a burden on the fam- 
ily (11). They are also more likely to feel that there are advan- 
tages to being deaf within a deaf family; one such deaf parent in 
the author’s research commented: “I (can) share my skills and 
knowledge of deafness. I (can) understand her (daughter’s) needs 
better.” Another deaf parent of deaf children said: “being deaf 
myself, the children were advantaged as I knew what the problems 
were and knew what to do.” One culturally Deaf parent of deaf 
children said: “at home we’re all deaf so (the children) never felt left 
out. It’s society without “deaf awareness” that made them feel disad- 
vantaged! Otherwise we are all happy and (a) close-knit family with 
(the) same rich language (and) culture” (11). 


Preferring to have deaf or 
hearing children 


In 2002, a deaf lesbian couple from the United States chose to 
have donor insemination from a male deaf friend with the hope 
that this would increase their chances of having a deaf child 
(12). Although not actively using genetic intervention, they 
hoped that genetic inheritance would be favourable for them, as 
they wanted to increase the chances of passing deafness on. This 
case caused international debate about the ethics of deliberately 
creating what some people felt was a “disabled” child (12-17). 
The issue of deaf parents preferring to have deaf children is 
not anew phenomenon; it has been well documented in the past. 
Passing on deafness to the next generation would keep the Deaf 
culture alive and would mean that the Deaf community would 
continue to thrive (18,19). Dolnick (19) comments on this in 
“Deafness as Culture”: “So strong is the feeling of cultural solidarity 
that many deaf parents cheer on discovering that their baby is deaf.” 


Deaf people, who do not have ties with the Deaf commu- 
nity, but who nevertheless still prefer to have deaf children, may 
have this opinion because the thought of having hearing chil- 
dren fills them with worry. This may lead them to asking: “How 
will I cope?” “How will I teach the child to speak?” “What 
school will they go to?” The psychological reaction of a deaf 
parent to having a child of unexpected hearing status (either 
deaf or hearing) may be very similar to a hearing parent having 
a deaf child (9). There can be feelings of disbelief, fear, and loss. 
It is possible that another deaf child would fit better into the 
family unit if other deaf children were already present, a hear- 
ing child may just feel isolated. One hearing individual met by 
the author indicated that she would actually prefer to have deaf 
children even though she was personally hearing. This was 
because her family was all deaf with several generations of deaf- 
ness and as a hearing person among them, she found it hard to 
cope with being different from the rest of the family. 

Some deaf parents have said that they would choose not to 
have deaf children, if it could be avoided (11). One participant 
in the author’s research said they “would not wish deafness on 
(their) worst enemy.” This highlighted the negative personal 
experience they had while growing up with a hearing loss and 
the struggle they had within a mainstream hearing society. 
Whereas other d/Deaf parents of deaf children felt the experi- 
ence was positive—they were lucky to have the opportunity to 
pass on their language, history, and culture as well as deafness to 
their children and they were proud of this (11). 

Several different pieces of research have shown that deaf 
parents usually do not mind the hearing status of future chil- 
dren, whereas most hearing parents prefer to have hearing chil- 
dren (11,20,21). This implies that deaf parents may be flexible 
about coping with either a deaf or a hearing child. They may 
also have a greater awareness of what deafness in a child would 
mean and therefore could be more ready to accept this than 
someone with no such personal experience. 

It would be logical to conclude from this that more hearing 
people than deaf people would be interested to find out whether 
a baby was likely to be deaf or hearing, via the use of a prenatal 
genetic test. They may also feel more anxious to learn as soon 
as possible if their baby is likely to be deaf so that they can have 
a choice as to whether to continue with the pregnancy or not. 
Attitudes towards such a use of technology are documented in 
later sections. 


Genes, deafness, and genetic 
testing services 


Deafness can result from different factors, including environmen- 
tal and genetic causes (22). Out of the 1 in 1000 to 2000 children 
with severe-profound, congenital, or early onset deafness, 
between 20% and 60% are thought to be deaf due to genetic 
causes, 20% to 40% due to environmental causes, and the 
remaining of unknown cause (23-25). Between 59% and 85% of 
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cases of genetic deafness are thought to be caused by autosomal 
recessive genes, 15% to 33% by autosomal dominant genes, and 
up to 5% by X-linked or mitochondrial genes (26-28). 

Several hundred genes are known to play a part in inher- 
ited deafness (29). Alterations in the connexin 26 gene are 
thought to account for up to 50% of childhood genetic deaf- 
ness, with | in 31 people carrying alterations in this gene in cer- 
tain populations (30,31). 

The deafness that results from alterations in the connexin 26 
gene is typically congenital and severe-profound (32), although 
mild-moderate deafness has also been reported (33). Advances in 
the molecular genetic research into deafness mean that, for cer- 
tain families, it is possible to offer a genetic test to define whether 
a person’s deafness is genetic and subsequently, what the chances 
are of passing this on to children. Such testing and information 
relating to this is can be obtained via genetic counselling services. 


Genetic testing 


Genetic testing is a general term that can refer to different types 
of testing, e.g., diagnostic, carrier, prenatal, and predictive. 


Diagnostic testing is used to diagnose whether a deaf person 
has a gene alteration(s), which causes his/her deafness. 
Carrier genetic testing tells a hearing individual whether 
he/she is carrying a gene alteration, which when also car- 
tied by their partner, would usually give them as a couple, a 
one in four chance of having a deaf child. 

Prenatal genetic testing tells a pregnant mother, via an inva- 
sive test such as amniocentesis or chorionic villus sampling, 
whether the foetus has a gene alteration(s) that could cause 
deafness. The invasive test involves an approximately 0.5% 
to 1% risk of miscarriage of the pregnancy. Information from 
a prenatal genetic test could then be used by the parents to 
decide whether the pregnancy should be continued or not. 
If not, the mother could have a termination of pregnancy 
(TOP) from this point on. Prenatal genetic testing is a form 
of diagnostic testing but it is performed in the prenatal 
phase, it is also known as prenatal genetic diagnosis (PND). 
Predictive genetic testing could tell a hearing person 
whether they have a gene alteration(s) that could predis- 
pose them to developing deafness later in life. 


As more genes linked to deafness are identified and the 
clinical basis understood, it will become easier to incorporate 
genetic testing for deafness within routine clinical services. 
Many clinicians are excited by this prospect (34), but, others 
may prefer to treat this with some caution. Prenatal testing with 
selective TOP for deafness raises ethical concerns in relation to 
whether deafness is a “serious” enough condition to warrant 
such a course of action. Just because a test is technically possi- 
ble, does this mean it should necessarily be available? Before 
such testing becomes routine, it is helpful to consider the 
longer-term consequences of this procedure. 
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Genetic counselling for deafness 


There is often interest from Deaf individuals to know if and 
how they have inherited their deafness and what the chances 
are of passing this on to their children (35). These are issues 
that can be covered within the clinical service of genetic coun- 
selling. Such services are available from genetic counsellors and 
clinical geneticists working in clinical genetics departments 
across many parts of the world. 

Genetic counselling has been described as “the process by 
which patients or relatives at risk of a disorder that may be 
hereditary are (informed) of the consequences of the disorder, 
(and) the probability of developing or transmitting it” (36). 
Genetic counselling offers clinical information about different 
genetic conditions and their heritability within a supportive 
and nonjudgmental environment. 

Some deaf parents worry that they would be told that they 
should not have children if they came for genetic counselling 
(37). This would not happen within the present-day genetic 
counselling services in the United Kingdom as the service is 
“nondirective,” i.e., the genetic counsellor does not tell the 
client what to do nor give advice. The focus of genetic coun- 
selling for deafness is now on the individual needs of the patient 
and their family and does not have a wider agenda to prevent 
deafness within larger mainstream society (35). However, aside 
from this, there is still often the misconception that genetic 
counselling has an ulterior motive, Das (38) states that: “The 
high incidence of genetic causes (of deafness) indicates that steps 
should be taken to facilitate Genetic Counselling and conceivably to 
reduce the numbers affected” (38). Therefore, there is an assump- 
tion that the process of genetic counselling will inevitably 
reduce the numbers of deaf children born, which may or may 
not be the case in reality. Aside from this, the actual focus of 
genetic counselling is on the provision of information and 
choice. This means that Deaf parents who prefer to have deaf 
children would be able to access information about genetics and 
inheritance in relation to this. 

Some patients (deaf and hearing), however, do request 
genetic counselling because they would rather avoid passing on 
deafness in their family; others simply want information so that 
they are better informed of the chances of this happening, just 
for the sake of information. 

Requests for PND for deafness are few and far between. 
There are limited numbers of people who feel that deafness is a 
serious enough condition to need to find out about during preg- 
nancy or to opt for a termination if the foetus was likely to be 
deaf. When asked for their opinion on this subject, the major- 
ity of deaf and hearing individuals interested in having a test in 
pregnancy for deafness said they would only do so just to be 
prepared (39,40). However, in thinking about having a 
“nondisabled” child, created outside a natural conception, 
preimplantation genetic diagnosis could be a viable alternative. 
Such testing for connexin 26 deafness has been requested, where 
two hearing parents wanted to avoid having deaf children, 
preimplantation genetic diagnosis was requested to select the 


166 Current management 


embryos that did not have the deafness-causing genes with the 
aim that these would be implanted in the mother (41,42). 

Different individuals have different opinions about passing 
on deafness to the next generation. One deaf couple, known to 
the author through her work as a genetic counsellor, were so 
fearful of passing on deafness to their children that they had 
decided not to have children. The negative personal experience 
they had in relation to being deaf meant that they felt a heavy 
responsibility to not “inflict” this on their children. However, 
the process of diagnostic genetic testing and knowledge of 
inheritance patterns revealed that their chances of having deaf 
children were minimal. They were delighted with this news. 
Another Deaf couple had assumed that because their families 
were hearing and that their deafness could not be inherited, 
they were then pleasantly surprised when their two children 
were born deaf. Genetic testing revealed that they were both 
deaf due to an alteration in the connexin 26 gene and conse- 
quently all their children would be deaf. They had a strong Deaf 
identity and were really pleased to pass on their deafness, lan- 
guage, and culture to their children. 

Both couples welcomed the opportunity to discuss their 
concerns about family planning. This in turn meant that they 
were more fully informed about their genetic heritage and con- 
sequently better able to engage in their future. Genetic coun- 
selling also offered them the opportunity to confidentially 
express the burden and responsibility they felt with regards 
passing (or not) deafness on to their children. This was pro- 
vided within a sensitive environment away from the perceived 
“pressure” from their family and community. 


Potential outcomes of 
genetic research 


For families who test positive for a specific gene alteration that 
could cause deafness, it is possible to identify whether hearing 
parents or siblings are also carriers of such a gene alteration and 
to offer more specific information about the chances of having 
deaf children. It could also offer a quick and early diagnosis of 
deafness in a newborn baby in addition to the audiological test- 
ing that they might currently have. Therefore, as more work is 
done on the molecular genetics of deafness, more accurate 
information can be offered to families. 

Identifying the genetic processes that interplay within the 
inner ear may lend itself eventually to gene therapies for deaf- 
ness. This could replace the need for cochlear implants in chil- 
dren, and the obvious pain and risks that major surgery brings. 
It has also been suggested that, within the next 50 years, hair 
cell regeneration within the cochlear will be possible (43). 

The potential impact of genetic research on families with 
deafness is summarized by Arnos et al. (35): “Advances in mole- 
cular genetics will eventually bring about new options for prenatal 
diagnosis of deafness and prenatal or postnatal treatment. Deaf and 
hard-of-hearing people and parents of deaf children will surely have 


different feelings and may make different choices regarding the 
options that will be available to them. Some of the issues that arise 
may be similar to those that have come up as genetic technology has 
been applied to the diagnosis and treatment of other hereditary 
conditions. The sociocultural aspects of deafness will lend additional 
considerations to these discussions” (35). 


Genetics, eugenics, and 
deaf people 


There have been many attempts throughout history to prevent 
deaf people from having children so that the numbers of deaf 
people would be reduced within society. Alexander Graham 
Bell, inventor of the telephone and also a leader in the eugen- 
ics movement, delivered a paper in 1883, called “Memoir Upon 
the Formation of a Deaf Variety of the Human Race” to the 
National Academy of Sciences. Here he advocated that deaf 
people should not be allowed to marry other deaf people, but 
should marry hearing people so that the chances of passing on 
deafness to their children would be limited (44). At that time 
the inheritance of genetic conditions was poorly understood 
and he mistakenly made the assumption that this would be an 
effective way of preventing deafness from being passed on. In 
fact, even if a deaf adult married a hearing partner, if the deaf- 
ness was due to a dominant gene alteration there would be a 
50/50 chance of passing this on to any children. Bell had a great 
respect for deaf people (his own mother was deaf and so too was 
his wife), but still felt that deafness was a disability and should 
be avoided if at all possible. This view, although derived from 
well-meaning intentions, is seen as insulting by many culturally 
Deaf people. As such this work has been discussed among 
British, European, and American deaf studies academics and lay 
people for over a hundred years since (45). 

Another key event in history that involved deaf people 
related to Hitler’s regime in the Second World War. In the Nazi 
programme, that advocated the eugenic pursuit of the perfect 
Ayrian Race, Hitler ordered deaf children and adults to be ster- 
ilised so that they could not pass on deafness to their children, 
and this happened to 16,000 to 17,000 deaf people. In addition 
to this, other deaf people were killed as part of “Operation T4” 
the Nazi programme designed to “wipe out” disabled citizens 
(46). Again, the incorrect assumption was made that deafness 
is always inherited and also another assumption was that deaf 
people will pass it on to their children. In fact, the majority of 
deaf children are born to hearing parents. 

Given the historical context to the misuse of genetic 
knowledge, it is not surprising that d/Deaf people are often sus- 
picious of modern day genetics services. The very fact that PND 
for deafness with selective termination for a deaf foetus is tech- 
nically possible is sufficient for Deaf people to feel that there is 
another eugenic agenda being impressed upon them. There is 
often a sense that genetics services in the past have “devalued” 
the role of Deaf people in society. With this in mind, it is 


Attitudes of deaf people and their families towards issues surrounding genetics 


therefore imperative that genetic counsellors and geneticists are 
mindful of the historical context within which they practice in 
the present day. 

It is important that a “culturally neutral” genetic coun- 
selling service is available to deaf people and their families (47), 
where Deaf patients are neither judged nor stereotyped. 
Assumptions should not be made about preferences for having 
deaf or hearing children and genetic counsellors should be 
aware of the historical sensitivity of such issues. 


General attitudes to the medical 
model of deafness 


As deafness can be viewed from different perspectives, there are 
often differing beliefs about appropriate medical intervention in 
relation to this. Deaf people may be sensitive to technology that 
aims to “cure” deafness and, as such, there has been clear resis- 
tance to cochlear implants (48). Here, the view is taken that 
deaf children should not be put through extensive, painful 
surgery to try and make them hearing when, to them, being deaf 
is not insurmountable. 

Wheeler, from the Deafness Research Foundation, United 
States, believes that there is still compatibility between the 
preservation of the Deaf community and search for a cure/effec- 
tive treatment for deafness (43). He suggests that by removing 
communication barriers, so that sign-language users have equal 
access to “learning and enjoyment of life,” a better quality of life 
will be achieved. At the same time those who wish to use treat- 
ments or cures can do so. However, the real argument from 
many Deaf people is that as most deaf children are born into 
hearing families, decisions to have treatments or cures will be 
made by hearing people who probably are not aware of the cul- 
tural model of deafness. Such hearing people, with their igno- 
rance of the Deaf World, will make decisions for their deaf child 
according to their “hearing” perspective. Therefore, such deaf 
children are “cured” of their deafness before they are old 
enough to make choices for themselves, so missing the oppor- 
tunity to be part of a community they could have naturally 
belonged to. 

Having an awareness of what the Deaf community offers is 
something that many Deaf people aim to educate hearing peo- 
ple about, so that hearing parents are able to make informed 
decisions about their child’s future. However, input from d/Deaf 
people about the medical or educational management of deaf- 
ness has largely been ignored in the past (49). This situation is 
improving but still has a long way to go to create a working 
partnership between parents of deaf children, the Deaf commu- 
nity, and professionals working in deafness (50). 

The British Deaf Association (BDA) or Sign Community is 
“the U.K.’s largest national organisation run by Deaf people for 
Deaf people” (51). The BDA has a policy on genetics (updated 
in May 2003) that stresses concern over the use of PND with 
selective termination of “deaf” pregnancies. In addition they 
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“demand” that: “all genetic counsellors should receive Deaf aware- 
ness training to ensure a clear understanding of the Deaf community 
and Deaf culture . . . (and that) . . . parents are not formally or 
informally pressured to take prenatal tests or to undergo termination 
where it is discovered that the foetus is deaf’(52). 

Therefore, the BDA believes that d/Deaf and hearing par- 
ents attending a genetic counselling clinic in the United 
Kingdom do not at present receive enough information to 
enable them to make informed decisions about deafness. The 
BDA intends to rectify this by implementing more Deaf aware- 
ness training among genetics professionals. 

The National Deaf Children’s Society (NDCS) also has 
a policy on genetics. In this, they advocate choice and 
information: “The Society. ..recognizes the rights of potential 
parents from families who have a history of deafness to take advan- 
tage of genetic testing and antenatal diagnosis and to use the results 
of such tests in a way that suits the individual family. If asked 
for advice, the society will ensure that the family receives positive 
information about deafness in order to enable them to make an 
informed choice” (53). 

Support groups such as the BDA and NDCS consist of deaf 
and hearing individuals with an interest in the current clinical, 
educational, and support services in place for deaf people and 
their families. These groups are a powerful force that aims to 
help prevent discrimination and promote acceptance of 
deafness, whether perceived from the medical or cultural 
perspective. 

Attitudes towards genetics may sometimes be seen as link- 
ing in with cultural identity. Those Deaf people who are against 
the eugenic practices of the past will often have negative views 
towards modern day genetics services (54). Such attitudes have 
been well documented over the last ten years, the following 
gives an overview of some of this work. 


Attitudes towards genetics 


The views of a collective group of culturally Deaf people 
attending a conference called “Deaf Nation” at the University 
of Central Lancashire, United Kingdom in 1997 were studied to 
ascertain attitudes towards genetics (55,56). Delegates were 
asked to complete a questionnaire which asked for their views 
about genetic technology and how they felt about its use with 
respect to deafness (e.g., for genetic testing in pregnancy for 
deafness). Of the 87 delegates who completed questionnaires, 
55% thought that genetic testing for deafness would “do more 
harm than good”; 46% thought that its potential use “devalued 
d/Deaf people,” and 49% were concerned about new discover- 
ies in genetics. Some of this group indicated that they felt 
threatened by the perceived “misuse” of genetic technology, the 
biggest fear relating to prenatal diagnosis for deafness followed 
by selective termination if the foetus had the genes for deafness. 
The worry was that if such actions were utilized to any great 
extent, then the Deaf community would diminish. 
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A much larger study (n = 1314) has since been completed 
by the same authors. Here, the attitudes of d/Deaf, hard-of-hear- 
ing, and deafened adults as well as hearing parents of deaf chil- 
dren were documented (11,39,40). Participants were collected 
from medical and educational sources, social services, charities, 
and support groups for the deaf, i-e., a wider selection of partici- 
pants were ascertained than gathered in the Deaf Nation study. 
However, the same findings were replicated among the culturally 
Deaf participants—involving negative attitudes towards genetic 
technology. On the other hand, those participants who identi- 
fied with the wider mainstream hearing society tended to have 
quite positive views about the use of genetic technology. 

Participants were given a list of positive, neutral, and neg- 
ative words and asked to tick those from the list that described 
their feelings about new discoveries in genetics. The results 
showed very different attitudes between groups (Fig. 11.1). Deaf 
participants were more likely to select negative words 
(¢ = 42.2, df= 6, P<0.001). The most frequently ticked word 
was “concerned,” and just under half of the group ticking this 
was culturally Deaf. Hearing participants were more likely to 
select positive words (¢ = 156.7, df= 8, P<0.001), the most 
frequently ticked word being “hopeful.” Hard-of-hearing and 
deafened participants were more likely to tick a mixture of 
words, the most popular was “cautious.” 
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Figure 11.1 Percentage of participants who ticked different adjectives to 
describe their feelings about new discoveries in genetics. Abbreviations: 
HOH/Df'nd, hard-of-hearing and deafened participants; Hearing + FH, hearing 
participants who have either a deaf parent or a deaf child. Source: From the 
Journal of Genetic Counseling. 


Participants were given the opportunity to comment on 
their feelings about new discoveries in genetics. The following 
are a selection of these. 

Some participants felt that new discoveries in genetics 
would be positive: 


“We must go forward in genetics to help us understand causes of deaf- 
ness and other disabilities caused through genes.” 
(nonculturally deaf participant) 

“T think it is a good idea—to stop the genes passing on into the 
next generation.” 

(nonculturally deaf participant) 


Some had negative comments about new discoveries in 
genetics: 

“Angry at people trying to mess with nature and interfering with 
deaf people - leave us alone!” 

(culturally Deaf participant) 

“My hands is little nerve (1 feel nervous). To think it is worst soon 
(I feel this is the worst situation)” 

(culturally Deaf participant, who used BSL as first language, 
translated their feelings from BSL into written English.) 


And some comments were mixed: 


“Interested but do not feel involved” 

(nonculturally deaf participant) 

“Enthusiastic about benefits it can bring—early diagnosis, treat- 
ment to improved levels/quality of hearing, BUT concerned it will be 
used to increase abortion.” 

(hearing parent of deaf children) 


Attitudes towards genetic testing as 
part of the newborn hearing 
screening programme 


A diagnosis of deafness within a hearing family always has the 
tisk of being delayed, due to neither the parents nor health pro- 
fessionals anticipating or specifically looking out for it. The New- 
born Hearing Screening Programme offers the opportunity to 
obtain a diagnosis as early as possible by screening all newborn 
babies for audiological deafness (57). The earlier the diagnosis, 
the sooner that appropriate communication and education tools 
can be implemented thus giving the d/Deaf child the best possi- 
ble chance of “normal” development (58). A delayed diagnosis 
may impact on the acquisition of effective language and this in 
turn may affect emotional and cognitive development. 

Adding genetic testing for the connexin 26 to the pro- 
gramme and thus making it an automatic part of Newborn 
Hearing Screening has been discussed (59); this is already in 
place in some countries. There is some resistance to this, how- 
ever, due to concern that such testing, although possibly useful 
for parents to know a genetic cause to their child’s deafness, 
may make it seem implicit that prenatal diagnosis should be 
utilised in the next pregnancy (60). Therefore, careful consid- 
eration of the impact of this should be given before genetic test- 
ing services are automatically added onto the audiological testing. 


Attitudes of deaf people and their families towards issues surrounding genetics 


Research looking at the attitudes of deaf adults towards the 
use of genetic testing as part of the Newborn Hearing Screen- 
ing Programme has shown that attitudes are generally positive 
(61) with most deaf participants perceiving the genetic and 
audiological testing offered as a useful way of diagnosing deaf- 
ness earlier than has been done in the past. Another study look- 
ing at the attitudes of deaf, hard-of-hearing, and hearing 
participants also showed that most agreed that newborn genetic 
testing for deafness was appropriate (20). Deaf and hearing peo- 
ple alike appear to agree that the earlier the diagnosis of deaf- 
ness, the better the outcome for the deaf child. 


Attitudes towards genetic testing 
for deafness from the general 
public with no knowledge and 
experience of deafness 


Ryan et al. documented the views of 91 pregnant women 
attending their 12- to 13-week booking scan at a maternity hos- 
pital in Scotland towards having a personal carrier test for deaf- 
ness and subsequent prenatal test should both members of the 
couple be carriers for a deafness-causing gene (62). The major- 
ity had no personal experience of deafness either in themselves 
or in their relatives. Respondents indicated that the vast major- 
ity were interested in carrier and prenatal testing and if found 
to have a baby that was likely to be deaf, most said they would 
not have a TOP. This study is interesting as it places a value of 
what deafness means for people who do not have a family his- 
tory of it. This study appears to show that people from the gen- 
eral public may perceive it as a condition to know about but not 
necessarily one to justify the ending of a pregnancy. 

Prenatal testing for Cx26 gene alterations is already avail- 
able to pregnant women having chorionic villus sampling in a 
pregnancy in Italy (63). Out of more than 5000 such women, 
with neither experience nor family history of deafness who were 
offered the testing, 55% chose to go ahead. As yet, only carriers 
have been identified, however it is only time before foetuses 
likely to be affected with deafness will be identified. It is not 
known whether parents would choose to end the pregnancy or 
not. It is very likely that such a population screening pro- 
gramme for deafness will be rigorously rejected by members of 
the worldwide Deaf community. 


Attitudes towards genetic testing 
for deafness from deaf people and 
their families 


The author and colleagues documented the views of 87 Deaf 
participants ascertained from delegates attending a conference 
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on Deaf issues for Deaf people (55,56). This study showed that 
there was a small group of Deaf participants who said they 
would be interested in PND for deafness and also preferred to 
have deaf children. There was the theoretical possibility that 
they may choose to have a termination for a hearing foetus. The 
same authors conducted a much larger study documenting the 
views of 644 deaf individuals, 143 hard-of-hearing individuals 
and 527 hearing individuals with either a deaf parent or a child 
(39,40). From this study, 49% hearing participants with a fam- 
ily history of deafness, 39% hard-of-hearing and deafened 
participants, and 21% deaf participants said they would all be 
interested in having PND for deafness. From those interested in 
prenatal testing for deafness, 16% hearing, 11% hard-of-hearing 
and deafened, and 5% deaf participants said they would do so 
because they would have a termination if it were to be 
shown that the foetus was deaf. For the participants who said 
they would choose this option, it is possible that they may 
have had such a negative experience of living with a hearing 
loss in themselves or their family, perhaps observing that 
deafness created isolation or even discrimination, that they 
did not want to take the risk of passing on deafness to their 
children. 

Aside from this, the majority of all groups who said they 
would use PND did so only for preparation for the baby (e.g., so 
they could learn BSL) rather than because they wanted to have 
a termination of a deaf foetus. This could be seen as reassuring 
to members of the Deaf community in that most would not wish 
to end the pregnancy if the test indicated the baby was likely to 
be deaf. 

Other research has produced similar results; Brunger et al. 
looked at 96 hearing parents of deaf children ascertained in a 
hospital setting. There, 96% of the sample had positive views 
towards genetic testing and 87% said they were interested in 
having PND for deafness with the intention of using this just 
for preparation rather than acting on it via a termination (64). 
Martinez et al. gathered the views of 133 hearing students and 
89 deaf and hard-of-hearing students from a U.S. university. 
They showed that 64% hearing participants and 44% deaf par- 
ticipants said they would be interested in having PND for deaf- 
ness with no data on opinions about termination (20). Stern 
et al. used the same study questionnaire and similar groups of 
participants as the Middleton et al. research described above. 
They gathered the views of 135 deaf, 166 hard-of-hearing and 
deafened, and 37 hearing individuals from a number of different 
sources, including support groups as well as medical and educa- 
tional settings. The results were classified into those who iden- 
tified with the Deaf community, those who identified primarily 
with the Hearing World (including hearing and some deaf par- 
ticipants), and those who identified with both communities. 
The data showed that 23% participants who identified more 
with Deaf community were interested in prenatal diagnosis for 
deafness, compared to 47% of participants who identified more 
with the hearing world. With regards to attitudes towards ter- 
mination, approximately 8% of participants who identified with 
the hearing world said they would consider having this if the 
foetus was deaf but none of those who identified with the Deaf 
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community said they would (21). Finally, a study by Dagan 
et al. (65) looked at the views of 139 hearing parents of 
deaf children from Israeli Jewish families. 49% said they would 
consider having prenatal diagnosis for deafness with 17% 
saying they would consider having a termination for deafness 
(65). 

Therefore the results from this selection of studies follow 
approximately the same patterns, with some participants inter- 
ested in prenatal diagnosis for deafness, but much less interested 
in TOP for deafness. 

Within work by the author, a very small number of deaf 
participants, three (2%) did say they would consider having 
prenatal diagnosis with selective termination of a hearing foe- 
tus, since they preferred to have deaf children (39,40). This 
reaction is somewhat extreme, and it is difficult to say whether, 
in reality, anyone would choose such a course of action. How- 
ever, what this does demonstrate is the extent of the feelings of 
Deaf cultural solidarity that some Deaf people have, and also 
the fact that deafness is not automatically perceived as a dis- 
ability. Indeed to be hearing in this instance would be a disad- 
vantage. This fits in with previous literature already 
documented that shows some deaf parents prefer to have deaf 


children (14,18,39,40,55,56). 


Summary profile of parents 
interested in prenatal testing 
for deafness 


The author has also documented the attitudes of parents of deaf 
children towards many different aspects relating to the deafness 
in the family (11). It is possible from this work to create a pro- 
file of the type of person who may choose to have prenatal 
genetic testing for deafness. In summary, deaf parents of deaf 
children who were interested in prenatal diagnosis for deafness 
(because they wanted to avoid passing deafness on) were more 
likely to prefer to have hearing children, see their deaf children 
as disadvantaged, feel an actual burden of having a child who is 
deaf, and want a cure for deafness in their child. Hearing par- 
ents interested in prenatal diagnosis for deafness were more 
likely to consider termination for deafness as acceptable, to find 
communication with their child less than perfect (ranging from 
successful to poor), and to find the experience of obtaining edu- 
cation for their child difficult or complicated. 

Looking at these collective results, it is possible to infer 
that many factors influence interest in PND for deafness. If such 
factors were modified then interest in PND for deafness might 
decline. For example, if parents were able to see their child as 
advantaged or less of a burden, or if they felt that communica- 
tion with their child was easier or there were more straightfor- 
ward processes to obtaining appropriate education, then they 
may be less interested in PND for deafness. 


Conclusions 


This chapter has reviewed some of the literature documenting 
the attitudes of deaf individuals and their families towards vari- 
ous issues surrounding genetic testing for deafness. This has been 
considered within the context of Deaf culture and the varying 
perceptions of the impact of deafness. Deafness does not appear 
to be a condition that most people (deaf and hearing) feel is “seri- 
ous” enough to warrant prenatal testing nor selective TOP. How- 
ever, inevitably there are people who would consider using the 
technology in this way. Such people tend to perceive deafness as 
a burden or disadvantage, and one they were inclined to view as 
a struggle to live with. Despite the negative picture created about 
deafness, many other people view deafness positively. Culturally 
Deaf participants are particularly optimistic about their situation 
and feel that being deaf is not a disability and also not something 
that genetic technology needs to interfere with. This shows that 
deafness is not a condition that is clearly detrimental. 

If consideration is ever given to large-scale “management” 
of deafness, for example, by population carrier screening, 
genetic testing added onto the Newborn Hearing Screening 
Programme or mass-scale availability of prenatal testing for 
deafness, involvement in policy decision making surrounding 
this must include input from deaf, culturally Deaf, hard-of-hearing 
adults as well as parents of deaf children. All such people are 
directly affected by such programmes and have valuable insight 
to offer about the potential impact of this. 

Appropriate and effective clinical services for deaf people 
can be developed as long as health professionals take the time 
to learn about the diversity of cultural attitudes held by differ- 
ent people affected by deafness (66). Genetic counselling ser- 
vices require a specialist knowledge of deafness, Deaf culture, 
and the role that genetics has played within history (67). It is 
also imperative that communication and language differences 
are embraced. Training in Deaf Awareness would be valuable 
for any health professional wanting to work in this area. 
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disorders 


Introduction 


A communication disorder is an inability to understand and/or 
use speech and language to relate to others. For the majority of 
communication disorders, we do not understand the cause. We 
know that many result from hearing impairment, intellectual 
disabilities, cerebral palsy, mental retardation, and cleft lip 
and/or cleft palate. 

Over the past 10 years, there has been considerable progress 
in human genetics, and the mechanisms by which genetic 
defects can cause speech, language, hearing, cognitive, and 
behavioral disorders have been described. 

Gerber (1) highlighted the fact that, in 1939, Nelson 
reported that stuttering runs in families. Later, she and her 
colleagues showed that stuttering is concordant in more than 
80% of monozygotic twins but in only 10.5% of dizygotic twins 
(2). Ingham (3) reported that at least 75% of cases of stuttering 
are inherited. 

Shprintzen (4) considered that virtually all instances of 
human disability and disease have a genetic component, even if 
it may not be direct or immediately obvious. He was referring 
primarily to craniofacial anomalies, but his comment applies 
generally. 

It is well known that clefts of the lip with or without clefts 
of the palate may be of genetic origin or may be produced by 
environmental factors or chromosomal anomalies. They are 
often multifactorial or, as many geneticists believe, caused by a 
single mutant gene with allelic restriction (5). 

Although genetic anomalies resulting in clefting have been 
known since the early 1970s, research on language disorders has 
developed only recently. In fact, Rice (6) noted that there is, as 
yet, no concrete evidence of a connection between genes or 
some combination of genes and grammatical abilities, but that 
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a genetic contribution of some sort should be expected. More 
recently, Zoll (7) has suggested that genetic language disorders 
may be linked to a gene localised at 7q31. 

Dyslexia, also a language problem, is known to be inherited 
(8,9). Phonological language disorders, also, have been shown 
to be more common among children whose parents had such 
disorders than among controls (10). 

The presence of a genetic component of a disease can be dif- 
ficult to identify. Evidence supporting a genetic component 
includes familial clustering of cases, increased incidences of con- 
sanguineous mating (i.e., mating between closely related indi- 
viduals), increased prevalence that exists within genetically 
segregated communities, increased risk that exists for the chil- 
dren or siblings of affected individuals, and concurrence of iden- 
tical twins with the disorder. When more than one member in a 
family is affected by the same rare condition, it is tempting to 
speculate that there is a genetic contribution to the aetiology. 

However, it must be realised that there are several nongenetic 
reasons why a disease phenotype, causally unrelated to a genetic 
predisposition, can be seen recurrently in the same family. These 
nongenetic familial aetiologies should be taken into account 
when postulating a genetic contribution to a particular disorder. 

Members of a family are frequently exposed to the same 
environmental insults. This may lead to recurrent manifestation 
of the same condition. A poor or rich educational environment 
will usually have a marked effect on language outcomes. The 
combined effects of such factors as age, sex, education, parental 
education, early intervention, and household income may be 
appreciable, obscuring the effects of genetic factors. 

A shared in utero exposure can lead to familial aggregations 
of disabilities. Medical conditions such as diabetes, lupus ery- 
thematosus, and phenylketonuria can all result in sequelae that 
can give the appearance of a genetic relationship. 
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Cultural values and exposures may lead to apparent famil- 
ial segregation. One example is the language of the home. 
Dialects and language-related difficulties, despite recurrence in 
a family, may be due to a shared cultural (rather than genetic) 
aetiology. Differences in habits and abuse of drugs or alcohol 
may result in a phenotype that can be misconstrued as being of 
genetic origin. Foetal alcohol syndrome shows a constellation 
of features that may include a characteristic facial appearance; 
cleft lip and palate and hearing loss are examples. 

By chance, two members of a family may develop the same 
condition with no underlying genetic or environmental predis- 
position. Also, some members of a family may acquire a condi- 
tion for reasons completely unrelated to other members of the 
family. A “phenocopy” is an individual with a phenotype simi- 
lar to other members of a family but with a different aetiology 
(11). However, some stochastic events may be influenced to 
some degree by a genetic predisposition (12). 

Mendel (13) first delineated the methods by which genetic 
factors are transmitted and first discovered the basis of heredity 
in his studies of peas. Although most communicative disorders 
appear to have a complex inheritance pattern, a select group of 
communicative disorders has inheritance patterns that directly 
parallel those observed by Mendel in peas. 


Language development 


One of the earliest scientific studies to record the language 
development of a child was that by a German biologist 
Tiedemann in 1787 (14). He was interested in starting a col- 
lection of data about language development in normal children. 
Interest in language development intensified with the publica- 
tion of Darwin’s theory of evolution, and Darwin (15) himself 
contributed to the study of language development in children, 
as did another biologist, Taine (16). When the German physi- 
ologist Preyer (17) published a detailed descriptive work care- 
fully recording the first three years of his son’s development, the 
modern descriptive, scientific study of language development 
had begun, continuing with important work by Shinn (18), 
Sully (19), Stern (20), and Leopold (21) up to the current 
“explosion” of literature over the past 20 years. 

With regard to the acquisition of human language from the 
perspective of brain growth and the critical period, we have to 
consider the following aspects: 


Preconditions to language development (brain development) 
Phonological development 

Critical periods and “feral” children 

Genetically predetermined aspects of language processing 


Preconditions for language development 


Although children will begin to vocalise and verbalise at differ- 
ent ages and at different rates, most children learn their first 
language, a highly complex and abstract symbol system, without 


conscious instruction, from their parents and without any 
effort. However, before learning can begin, children must be 
ready to learn; that is, they must be biologically, socially, and 
psychologically mature enough to undertake the task. 

As Kies reported (22), linguists do not agree on exactly 
how biological factors affect language learning, but most agree 
with Lenneberg (23) that human beings possess a capacity to 
learn language that is specific to this species and no other. 
Lenneberg also suggested that language might be expected from 
the evolutionary process that humans have undergone, and that 
the basis for language might be transmitted genetically. 

As part of genetically endowed language abilities, 
Lenneberg (24) hypothesized a “critical period” during which 
language learning proceeds with unmatched ease. A child’s 
early years are especially crucial for language development 
because that is the period before the two hemispheres of the 
human brain become lateralized and specialized in function. As 
partial proof of this, Lenneberg discussed cases in which chil- 
dren in bilingual communities were able to learn two languages 
fluently and without obvious signs of effort before the age of 
about 12. However, learning a second language after the age of 
12 becomes enormously difficult for most people. 

Similarly, many neurolinguists have argued that children’s 
brains are biologically too immature to comprehend several 
grammatical concepts commonly used in languages around the 
world. Concepts such as plurals, auxiliary verbs, inflectional end- 
ings, and temporal words will develop in all languages in stages. 
These stages reflect the biological maturation of the child’s brain. 
The fact that those stages of language development are “identi- 
cal” and “predictable” in all languages further suggests that there 
are strong biological preconditions for learning language. 

The concept of a sentence is the main guiding principle in 
a child’s attempts to organize and interpret the linguistic evi- 
dence that fluent speakers make available to him. These ideas 
are a part of the “nativist” position discussed later. There is 
insufficient evidence to conclusively specify the contribution of 
biology to human language, but all linguists acknowledge that 
biology does have a role. 

The brain will not achieve its final shape for two years, and 
many interconnections within the brain will not be complete 
until the child reaches seven years of age. Some neurologists 
insist, therefore, that the infant who struggles to gurgle and bab- 
ble is not attempting to articulate speech sounds because the 
child has not attained sufficient neuromuscular and biological 
maturity to control the vocal organs before the age of six months. 

Before language acquisition can begin, children must be 
ready to learn. Even before the child has uttered the first word, 
a long process of growth and language development has already 
started. The auditory system begins to function some three 
months before birth. For instance, a newborn baby will recog- 
nize his mother’s voice at birth and can see with perfect visual 
acuity his mother’s face when nursing him, but no further. 

All the neurons are already present at birth. What does 
increase after birth is the number of dendrites and synapses. In 
humans, a considerable degree of development continues far 
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6 month 


15 month 


Figure 12.1 The increase in the number of neurones, dendrites, 
and synapses after birth. 


beyond birth: increase in the size of the neurones; increase in 
the number of connections between neurones (which will allow 
information transfer); and axon myelinization, which will con- 
tribute to increase the speed of neural transmission (Fig. 12.1) 

As the baby gets older, myelinization brings increasing 
numbers of brain areas “on line.” 

The parietal cortex starts to work fairly early, making babies 
intuitively aware of the fundamental spatial qualities of the 
world. The frontal lobes first kick in at about six months, bring- 
ing the first glimmering of cognition. The language areas 
become active about 18 months after birth. The area that con- 
fers understanding (Wernicke) matures before the area that 
produces speech (Broca), so there is a short time when toddlers 
understand more than they can say. 

As may be seen in Figure 12.2, myelinization of the visual 
system, as expected, reaches maturation earlier than the audi- 
tory system and connecting fibers continue to myelinize during 
the first years of life. Thus, cerebral plasticity that involves lan- 
guage development continues until the age of seven years. 

Genes apparently determine the basic pattern of growth 
and the major lines of connection, the “highways” of the brain 


and its general architecture, but the details seem to depend on 
such non-tragenetic factors as the complexity and interest of 
the environment. The brain overproduces neural connections, 
establishes the usefulness of certain connections, and then 
“prunes” the “unwanted” ones (25). 

“Establishing the role of genetic influences in diverse 
aspects of language is only a first step in providing a foundation 
and a motivation for molecular genetic studies to find the mul- 
tiple specific genes involved” (26). “Similarly, establishing the 
relative importance of environmental influences is just a first 
step towards future research to identify specific environments 
involved. As specific genes and environments are identified, we 
can begin to understand the complex mechanisms of develop- 
ment of individual differences in language abilities.” 


Phonological development 


With regard to the steps of phonological development as Kaplan 

and Kaplan (27) said, babbling serves at least two functions: 
First, babbling serves as practice for later speech. This is, of 

course, the most obvious and intuitive explanation since the 
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Figure 12.2 Profile of the development of CNS myelinization 
involved in language development. Abbreviation: CNS, central 
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fine neuromuscular control needed later for speech is exten- 
sively practiced during the babbling stage. Indeed, the babbling 
child produces a lot of sound and a greater variety of sounds 
than is actually needed in the adult language. 

Second, babbling provides a social reward. When children 
babble, their parents attend to them closely and encourage them 
to continue talking. Cooing and especially babbling are the first 
experiences a child has of the social rewards of speech. The impor- 
tance of the social function of babbling is apparent in children 
who have been severely neglected during this stage. Although 
they begin to babble at the same age as other children, severely 
neglected children will stop, unless encouraged by a carer, and 
their language development is usually irreparably damaged (28). 

One of the many unexplained mysteries of child language 
development is why babbling occurs at more or less the same 
time in all children, since simple observational evidence shows 
that children babble to practice their later speech at very dif- 
ferent rates. Furthermore, the encouragement children receive 
for babbling is very variable. If all humans grow at approxi- 
mately the same rate, then children around the world will begin 
to babble comparably. In fact, Lenneberg (24) discovered that 
babies who were prevented from any vocalization by disease or 
medical procedures would begin to babble spontaneously when 
they reached six months of age and their medical condition had 
improved enough to allow vocalization. Lenneberg concluded 
that previous practice at vocalization was not necessary for the 
onset of babbling and that biological maturity was a crucial fac- 
tor. Babbling occurs automatically when the relevant structures 
in the brain reach a critical level of maturation. 

When babbling begins, the nonsense syllables children cre- 
ate develop through a regular progression. Children first pro- 
duce vowels and later combine consonants and vowels. This 
quickly involves the production of nonsense syllables: eee, 000, 
uuu, ta, di, da, idi, aba, um baba, gigi, tutu, etc. (Table 12.1). 


Communication begins before children utter their first 
words. Children employ the face, body movement, cries, and 
other preverbal vocalization to communicate their needs, 
desires, and moods to those around them. According to 
Meltzoff and Moore (29-31), newborn children not only imi- 
tate facial expressions but will also attempt to imitate rudimen- 
tary manual gestures. 

At the age of six months or so, children in all cultures begin 
to babble with the production of long sequences of consonants 
and vowels. 

As the child’s vocabulary develops, the vocalizations 
accompanying the gestures become increasingly verbal until the 
child’s language is sufficiently sophisticated to perform speech 
acts through speech alone. Furthermore, gestures remain an 
important part of human communication at all stages of devel- 
opment (32,33). 

All children pass through this series of fixed “stages” as they 
develop language. The age at which each stage begins varies 
considerably from one child to the next, but the relative order 
of the stages remains constant for all children. The stages are 
reached in the same order, although the time between stages 
may be greater for some children than for others. Consequently, 
it is possible to divide the process of language development into 
a sequence of phases, remembering always that there is no clear 
division between stages in real children. The stages always over- 
lap, and the chronological age of the child is only a very rough 
guide to the stage of language development. 

Learning the grammatical structures of language is no less a 
remarkable achievement than learning the vocabulary. By 
about 18 to 20 months, the average child is creating his/her first 
two word utterances, and by 25 months, two word utterances 
make up the majority of the child’s speech. When the child is 
three years old, on an average, he/she is able to create three- 
and four-word utterances and, as the child grows, the grammar 


Responds to human sounds more definitely; turns head; eyes search for speaker; some occasional chuckling sound 


Cooing changing into babbling, resembling one-syllable utterances; neither vowel nor consonant sound reoccur in any 


Table 12.1 Chronology of the early communicative acts 

Age Vocalisation and communication 

Birth Crying; body movements; facial expressions 

12 wk Reduced crying; smiles and makes vowel-like, pitch-modulated gurgling sound (cooing) when spoken to 

16 wk 

20 wk Vowel-like cooing Is interspersed with consonant sounds 

6 mo 
fixed pattern; most common utterances sound like ma, mu, da, and di 

8 mo Reduplication (continuous repetition of a syllable) becomes frequent; intonation patterns become distinct; 
pitch changes in utterances can signal emotion 

10 mo Vocalisation often mixed with sound play (gurgling, bubble blowing); appears to imitate sounds unsuccessfully; 
differentiates between words heard 

12 mo 


commands (point to your eyes) 


Source: From Ref. 24. 


More frequent identical repetition of a sequence of sounds; first words (mamma, dadda); understands simple 


grows too, ever increasing in its complexity and variety. Indeed, 
like vocabulary, the development of grammar need never end, 
since people can continue to learn new grammatical patterns as 
they learn new styles of speech and writing and new ways to 
express themselves with flair and emphasis. Many grammatical 
structures, particularly those involving coordination and subor- 
dination, are not fully mastered until adulthood (34,35). 


Critical period and feral children 


Focusing on the three essential elements of language, phonol- 
ogy, semantics, and syntax, a time frame for critical/sensitive 
periods of language development may be presented as a model 
of central auditory nervous system flexibility. Several studies 
support the hypothesis that the critical/sensitive period of 
phonological development is from the sixth month of foetal life 
to the 12th month of infancy. Data indicate that the 
critical/sensitive periods for syntax continue until the fourth 
year of life and for semantics, until the 15th or 16th year of life. 
The data indicate that there is a time-dependent series of 
sequential functions that is based on responsive adaptations 
made by the central nervous system (CNS) to psychophysical 
and electrophysiological stimuli (36). 

Experience has a marked influence on the brain and, there- 
fore, on behavior. When the effect of experience on the brain 
is particularly strong during a limited period in development, 
this period is referred to as a sensitive period. Such periods 
allow experience to instruct neural circuits to process or repre- 
sent information in a way that is adaptive for the individual. 
When experience provides information that is essential for 
normal development and alters performance permanently, such 
sensitive periods are referred to as critical periods. 

Although sensitive periods are reflected in behaviour, they 
are a property of neural circuits. Mechanisms of plasticity at the 
circuit level are discussed, which have been shown to operate 
during sensitive periods. A hypothesis is proposed that experi- 
ence during a sensitive period modifies the architecture of a 
circuit in fundamental ways, causing certain patterns of con- 
nections to become highly stable and, therefore, preferred. Plas- 
ticity, which occurs beyond the end of a sensitive period, alters 
connection patterns within the architectural constraints estab- 
lished during the sensitive period. By understanding sensitive 
periods at the circuit level, as well as understanding the rela- 
tionship between circuit properties and behaviour, we gain a 
deeper insight into the critical role that experience plays in 
shaping the development of the brain and the behaviour (37). 

Although the critical period hypothesis was hotly debated 
for some years, there is now compelling supportive evidence. 
The evidence from feral, confined, and isolated children shows 
that unless they are exposed to language in the early years of 
life, humans lose much of their innate ability to learn a lan- 
guage, and especially its grammatical system. 

Even if they have missed out on the critical period for lan- 
guage acquisition, feral children can be taught a few words and 
very simple grammatical constructions. The ability of feral chil- 
dren to learn language on their return to human society is very 
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varied. Some children acquire normal language ability, but only 
if found before the onset of puberty. In two years, they may 
cover the stages of learning that usually take six years. Others 
also learnt to speak normally, but it is assumed that they could 
speak before their period of isolation. 


Genetically predetermined aspects of 
language processing 


Within generative linguistics, it is normally assumed that lin- 
guistic universals should be explained by the principles of 
U(niversal) G(rammar). One of the most remarkable facts 
about human languages, as traditionally assumed in generative 
linguistics, is that children learn them in a short period of time. 
From the input data of the language they hear, children are able 
to learn the language in a few years. This is taken to be a 
remarkable fact, because children generally receive very little 
explicit instruction about how language can and should be 
used. In order to explain how children can become fluent speak- 
ers, they have to be able to form a “model” of their linguistic 
environment that makes grammaticality judgments not only 
about sentences they have actually heard but also about those 
that they never heard before. In the 1950s, Chomsky (38) 
argued that the behavioural learning theory that was popular at 
that time, assuming that people start out as a tabula rasa and 
make use only of simple association and blind induction, could 
not account for this. Later, this argument was backed up by 
Gold’s (39) results in formal learning theory. Gold proved that 
learning or identifying an arbitrarily selected language among a 
collection of languages by “natural” data is impossible in the 
complete absence of prior information. 

Chomsky’s argument against the adequacy of simple behav- 
ioural language learning and the results of Gold, as well as later 
results in learning theory, are clear and should be uncontrover- 
sial. Chomsky himself, in the 1960s, declared the human ability 
of language learning despite the limited input to be the central 
fact that linguistics should explain (40). Chomsky’s explanation 
of children’s ability to learn their parents’ language is well known. 
First, humans must have a biological basis for language: Some 
mental capacities must come as part of the innate endowment of 
the mind in order for humans to be able to learn language. 
Chomsky’s second claim, however, was that the endowment of 
language is not for general purpose but rather highly specific for 
language, a genetically given language acquisition device (LAD). 

Hypothesizing the existence of an innate LAD raises the 
question as to where this acquisition device comes from. Chom- 
sky himself, followed by other linguists such as Bickerton, 
Newmeyer, and Lightfoot, was not very specific about this 
question but suggested that it might have evolved through a 
large mutation or as a by-product of some other evolutionary 
development. According to Pinker and Bloom (41), the LAD, 
or what they call the “human language faculty,” is a biological 
adaptation that should be explained by natural selection. A 
similar view is suggested in various papers of Nowak et al. (42). 

Evidence of Chomsky’s innatism emerges from neuroscien- 
tific theories and against environment-only mechanisms. 
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However, the proposed language structures cannot be seen. 
Even if they were visible, it would be impossible to establish 
that these structures were innate. 

Language is creative. We can produce and understand an 
infinite range of novel grammatical sentences and children do 
not imitate a fixed number of sentences. 

Chomsky argues that creativity is not explicable if language 
is learnt just from the environment. The grammar of a sentence 
cannot be deduced from its surface form. 

Languages vary greatly, but all are governed by the princi- 
ples of Universal Grammar. If children do not/cannot learn the 
rules of grammar from the language in their environment, then 
these rules must be inborn. 

This explains all the difficulties found with environment- 
only acquisition theories proposed by Skinner (43) and others. 
In fact, deaf children with normal hearing can learn by imitat- 
ing adult speech or sign language. 

Chomsky states that, “the essential core of grammar is innate.” 

This means that language (i-e., Universal Grammar) is a 
separate system in the brain’s architecture. It is connected to, 
but does not interact extensively with, other sorts of thought. 

Crucial parts of the human language ability are built into the 
brain, part of our biology, and programmed into our genes” (40). 


Genetics and language disorders 


Genetic research has concentrated on two of the main cate- 
gories of disorders of language, focusing on: 


1. Specific language impairment (SLI) 
2. Specific reading disability (SRD) 


Current quantitative and molecular research in this area 
has produced many interesting findings that show strong evi- 
dence of the presence of a number of genes contributing to 
these disorders. 


Specific language impairment (SLI) 


SLI constitutes a complex area of investigation because of the 
broad interindividual variability that characterizes normal lan- 
guage development and because linguistic competence includes 
a set of abilities that can be delayed or deficient depending on 
different lines or dimensions of development. Given the 
absence of a precise characterization of SLI behavioural profiles, 
research on the genetic underpinning of such a complex syn- 
drome is still inconclusive. The finding of alterations in various 
chromosomes and the heterogeneity of SLI from the point of 
view of the behavioural phenotype suggests that the genetic 
contribution is complex and that genetic transmission is proba- 
bly linked to alterations involving more than one gene. 

SLI is a heterogeneous set of clinical conditions that 
presents with a significant delay in language acquisition in the 
absence of neurological, sensory, cognitive, or emotional 
impairment. Linguistic deficits can involve both coding 
(production) and decoding (comprehension) in one or more 


areas of linguistic competence (phonology, lexicon, morphol- 
ogy, syntax, and pragmatics), giving rise to different behavioural 
phenotypes. 

The impairment includes different subtypes of the disorder 
that have a variable outcome in relation to factors such as the 
severity of the initial disorder, the age of the child at the time 
of diagnosis, and the speech and language therapy. Moreover, 
the pattern of impairment is not stable over time but tends to 
change with age. 

As regards the genetic hypothesis, Fisher et al. identified 
(44), for the first time, an alteration of a small segment of chro- 
mosome 7 in one KE family, which they called speech-language 
disorder 1 (SPCH1) or forkhead box P2 (FOXP2). They believed 
that this alteration was responsible for the family’s language dis- 
order. In fact, half of the members of this family had severe 
speech and grammar impairments. In addition, brain-imaging 
studies of this family suggested functional abnormalities in the 
areas of the frontal lobe related to motor activity. They also 
observed anatomical abnormalities in several brain regions 
including the neostriatum. 

Lai et al. (45) showed a translocation of the same region of 
the long arm of chromosome 7 (region 7q31) in a patient 
affected by a severe language disorder and not belonging to this 
family aggregation. According to these investigators, the gene 
FOXP2 might disrupt the development of the brain circuitry 
that underlies language and speech during the fetal stage. 

Although rare and severe disorders such as those of the fam- 
ily described by Fisher are often caused by a single gene, common 
disorders such as language impairment are more likely to be the 
quantitative extreme of the normal genetic factors responsible for 
language development throughout the general population. 

A recent study (46) showed the essential role of FOXP2 
gene in the development of social communication. Disruption 
of FOXP2 affected the ability of infant rodents to emit ultra- 
sonic vocalizations when separated from their mother and lit- 
termates, but it did not appear to influence the structure and 
neural control of the vocal tract. 

Further studies by the same authors on the FOXP2 mice 
suggest that interference with FOXP2 affects the migration 
and/or the maturation of neurones in the development of the 
cerebellum. The gene FOXP2 influences articulation and 
capacity to control the mouth and influences the individual’s 
capacity to use complex sentences. Chimps do not have the 
same sequence of amino acids on this gene. This appears to be 
a genetic impairment that delays language development with- 
out affecting nonverbal IQ or cognition. 

In recent studies on a large number of cases of SLI with a 
family history, two additional regions were identified (one on 
chromosome 16 and one on chromosome 19), which seem to play 
an important role in determining the genetic risk of SLI (47). 

The finding of abnormalities in various chromosomes and 
the heterogeneity of SLI from the point of view of the 
behavioral phenotype suggest that the genetic contribution is 
complex and that genetic transmission is probably linked to an 
alteration in more than one genetic site. In recent genetic 
studies of complex traits and disorders, the term “QTL” 


(quantitative trait loci) has been given to genes contributing to 
the variance of continuously distributed traits in multiple gene 
systems (48,49). 

Questions about how genetically mediated anomalies in the 
development of the brain determine SLI are still completely unre- 
solved. One possible hypothesis is that genetic factors can alter 
the processes of neuronal migration, causing a disruption of corti- 
cal cytoarchitectonics at the level of the perisylvian regions. One 
of the most important structural alterations of the cerebral cortex 
found at necropsy (50) was symmetry or inverse asymmetry of the 
plana temporale that was accompanied by cortical ectopias and 
polymicrogyria in the right and left hemispheres (51). These 
perisylvian findings were confirmed in morphometric magnetic 
resonance imaging studies of language-impaired children (52). 
Atypical asymmetries, characterized by a right temporal planum of 
the same size as or larger than the left (contrary to what is 
normally found in control subjects) were also observed by Plante 
among the family members of affected individuals (53). 

Although the clinical and linguistic profiles of children 
with SLI have been widely described (54-57) and three broad 
subtypes (mixed receptive-expressive, expressive-only, and 
phonological disorder) have been identified (58), aetiological 
studies often treat SLI as a homogeneous condition. As neither 
a core deficit of SLI nor an alteration of individual processes has 
been clearly defined, the problem of aetiological interpretation 
is still open. Given the lack of a precise characterization of 
behavioural profiles in SLI, research on the genetic underpin- 
ning of such a complex syndrome is still inconclusive. 

However, the hypothesis that language disorders have a 
genetic underpinning is supported by various lines of evidence 
and is based essentially on the following: 


Presence of language disorders in syndromes with known 
genetic aetiologies 

Epidemiological characteristics of specific language disorders 
Familial aggregation for language disorders and twin studies 


Language disorders in pathologies of known 

genetic aetiologies 

Clinical descriptions of the behavioural phenotypes of intellec- 
tually retarded children with syndromes of known genetic aetiol- 
ogy (Down, Klinefelter, Prader-Willi, Fragile X, Angelman 
syndrome, and the syndrome of aneuploidy of sex chromosomes) 
often document the presence of a selective impairment of verbal 
abilities. These findings lend support to the hypothesis that alter- 
ations of different chromosomes can lead to similar phenotypic 
expressions (genetic heterogeneity), although the underlying 
pathophysiological mechanisms remain unknown. One impor- 
tant issue is whether these phenomena are genetically mediated 
or whether the peculiarity of language function is specifically vul- 
nerable to impairment in a variety of exceptional circumstances 
that do not necessarily share any common factor (59). 

One example of genetic heterogeneity might be represented 
by the similarities observed between the cognitive language pro- 
files classically described as typical of Williams syndrome 
(60-63) and of the phenotype of subjects with the syndrome 
involving deletion of the short arm of chromosome 9 (64). 
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Epidemiological characteristics of specific 
language disorders 
The incidence of speech and language impairment among chil- 
dren has been difficult to establish. Lindsay and Dockrell (65) 
estimated that speech and language impairment affects 7% of 
children, whereas Law et al. (66) arrived at a 10% estimate. 
The evidence suggests, therefore, that SLI is a significant cate- 
gory of educational need and is not confined to the early years 
of learning. In fact, the prevalence varies with age and is higher 
in 24- to 36-month-old children (Fig. 12.3); however, the 
prevalence of persistent disorders is estimated to be 3% (67,68). 
SLI constitutes a complex area of investigation because of the 
broad interindividual variability that characterizes normal 
language development and because linguistic competence 
includes a set of abilities that can be delayed or deficient 
depending on different lines or dimensions of development. 
Some children may not be identified as having SLI until 
they are in the secondary phase of their education (69). If 
teachers are not aware that a child in their class has a SLI, the 
student’s behavioural response may give rise to perceptions of 
primary problems such as emotional and behavioural disorders, 
stubbornness, and noncompliance (70). 


Family and twin studies 

In the past, most studies of familial effects have focused on single 
families with multiple cases of language impairment (71-75). 
Another strategy has been to estimate the frequency of lan- 
guage impairment among the relatives of language-impaired 
probands (76-80). However, these studies were performed 
without matched control families unaffected by SLI. 

More recently, family studies have included control families 
in their designs. They have also reported high rates of language 
impairment in first-degree relatives that ranged between 17% 
and 43% (6,81-86). 

There is also growing evidence in the literature of a heredi- 
tary factor in SLI, particularly following from various twin stud- 
ies, where the prevalence of SLI has been shown to be greater in 
monozygotic twins than in dizygotic twins (87,88). Additional 
evidence is accumulating, in the literature, of genetic influence 
in a family with verbal dyspraxia (the KE family) (44,89) and 
two sites have been located as being implicated in dyslexia (90). 

In a prospective study of language development (16- 
26 months), Spritz et al. (83) found 50% of children with a 
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Figure 12.3 The decrease in the prevalence of language impairment with age. 
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family history demonstrated language delay, whereas none of 
the children with no family history experienced delay. 

The greater prevalence in males (male-to-female ratio 
approximately 3 to 1) seems explicable on the basis of the 
complex gene-hormone interactions in the developing brain. 
Indeed, it is well known that sex hormones influence the expres- 
sion of many genes responsible for CNS development (91). 


The current investigation has two research questions: 
Firstly, where do genes associated with SLI map? 

Secondly, what is the nature of these genes and their gene 
products and how do they ultimately lead to SLI. 


Stromswold (92) reported that, across seven family studies, 
the prevalence of SLI in family members of probands ranged 
from 24% to 78% (mean of 46%) compared with 3% to 46% 
(mean of 18%) found in the control groups. In addition, twin 
studies consistently indicated a significant increase in monozy- 
gotic concordance rates over those of dizygotic twins, suggest- 
ing that much of the reported familial aggregation can be 
attributed to a genetic influence. However, like many behav- 
ioural traits, SLI is assumed to be genetically complex with 
several loci contributing to the overall risk. 

In a recent investigation, the SL] Consortium (47) per- 
formed a systematic genome-wide screen using 98 families 
drawn from epidemiological and clinical populations. All families 
were selected via a single proband whose standard language 
scores fall at least 1.5 Standard Deviation (SD) below the mean 
for their age. Three quantitative measures of language ability 
were used: the Clinical Evaluation of Language Fundamentals 
was used to derive scores of receptive and expressive language 
skills and a Non—Word Repetition test was used as a measure of 
phonological short-term memory. Separation of the genome 
screen sample demonstrated independent evidence of linkage 
on chromosomes 16q and 19q, indicating that these loci may 
represent universally important loci in SLI and, thus, general 
risk factors for language impairments. 

In summary, SLI appears to be strongly familial, although the 
rates appear to change with the definition of SLI used. Although 
family histories suggest a genetic contribution to SLI, it cannot 
be taken as definitive proof because family similarities can stem 
from common environmental influences. Clear evidence can 
come only from other studies that attempt to separate the general 
influences of genetic and environmental factors. Twin studies are 
the main example of this type of approach. 


Specific reading disability (SRD) 


Identifying genes that contribute to the processes underlying 
the written language may provide important insights into how 
language is processed. Reading is a complex task that aims to 
extract meaning from the written word. SRD, or developmen- 
tal dyslexia, is characterized as a gross difficulty in reading and 
writing that is not attributable to a general intellectual impair- 
ment or to a lack of exposure to an appropriate educational 
environment. SRD is usually characterized as a deficit of at least 


two years in reading age compared to that predicted from the 
chronological age. However, as with SLI, measures of reading 
ability differ considerably among studies and, as yet, there are 
no universal operational definitions of reading disability to 
allow proper generalization across studies. 

A variety of cognitive components have been implicated in 
the development of SRD. These include deficits of visual pro- 
cessing system (93), deficits in the language processing system 
(94), and deficits in temporal processing (95). However, most 
evidence suggests that deficits in phonological processing are 
central to the development of SRD. The functional unit of 
phonological processing is the phoneme, the smallest dis- 
cernible segment of speech. Phonological processing includes 
phoneme awareness, decoding, storage, and retrieval. Another 
component of the reading process is the visual appearance of 
shape (orthographic information) of a written word (96). In 
addition, the speed at which language-based information is 
processed may also be of importance (9). Robinson et al. 
(Robinson L, Morris DW, Turic D, et al. Dimensions of reading 
disability. Unpublished) have identified three factors that 
describe severe SRD as comprising phonological, orthographic, 
and rapid-naming dimensions. Within their population, each 
factor accounted for a maximum of 18% of the variance. 

The genetic background of reading disabilities has not been 
studied in such depth as that of specific language disorders. 

In an early family study of SRD, Rutter et al. (36) observed 
that 34% of children with specific reading retardation had a 
parent or sibling with a reading problem compared to 9% of 
control children. Indeed, four of the major family studies under- 
taken have consistently reported high sibling recurrence risks of 
40.8% (97), 42.5% (98), 43% (99), and 38.5% (48). Although 
the estimates of population frequency of SRD vary, reasonable 
estimates range between 5% and 10% (100). 

Many early twin studies of SRD that showed significantly 
greater monozygotic than dizygotic concordance for SRD had 
methodological flaws, particularly in ascertainment bias and the 
inconsistent use of operational definitions of SRD (101,102). 
The first systematic evidence that the high family history of 
SRD was due to genetic rather than social factors came in the 
1980s. At this time, two important twin studies were published: 
The Colorado Twin Reading Study (103) and The London 
Twin Study (104). Both provided strong evidence for the role 
of genetic factors in SRD. 

There was also evidence of sex difference in penetrance 
rates, with females showing lower estimates of penetrance in 
the autosomal-dominant family. It is possible that this might go 
some way to explain the slight excess of males observed in SRD 
(sex ratio of 1.5:1; male:female) (105,106), although the higher 
ratio of males to females could also be attributed to an artefact 
of clinical ascertainment (105). 

Molecular genetic research on SRD has produced strong evi- 
dence of linkage to chromosome 6p (90,106—110), significant evi- 
dence of linkage to chromosome 2 (111,112), and suggestive 
evidence of linkage to chromosome 1 (113). In addition, studies 
using linkage disequilibrium mapping have fine mapped the region 


on chromosomes 6 and 15 to areas of approximately 1-6 cM, 
which show good evidence of containing the putative genes (114). 

Grigorenko et al. (90) presented the strongest evidence of 
linkage to a phenotype characterized as phonemic awareness, 
although significant linkage was also observed with phonologi- 
cal decoding and single word reading. However, their extended 
study (110) resulted in a less clear relationship, showing linkage 
to single word reading, vocabulary, and spelling with phonemic 
awareness and phonological decoding showing little evidence of 
a relationship. However, it must be noted that the evidence of 
relationships with specific reading disabilities phenotypes or 
dimensions may be influenced by the methods of ascertainment, 
phenotypic definition, and the frequency of the phenotypes in 
the sample studied. Furthermore, as most of the phenotypes 
show significant correlations with each other, which results in 
many individuals having numerous phenotypes, clear relation- 
ships, if they exist, may be difficult to establish. 


Conclusions 


Although for a long time the ability to speak was considered 
instinctive and specific to human beings and innate bases were 
suggested for language acquisition, only quite recently has the 
genetic role been taken into consideration in language studies. 

In the past few decades, language studies and research on 
the acquisition of a first language have given great importance to 
the fact that linguistic abilities and their development depend 
on the existence of innate information. The complex interac- 
tions between “nature” and “nurture” have also been underlined; 
that is the interactions between genes and environment through 
which the genotype, or the genetic information coded in the 
DNA of each individual, becomes the phenotype—observable 
physical and behavioural features. Individual differences in cog- 
nitive abilities, primarily verbal, appear to originate at the inter- 
face between genetic and environmental aspects, family, school, 
therapeutic experiences, and so on. On a theoretical basis, find- 
ing a genetic influence on individual differences in vocabulary 
does not contradict the assumption that words are learned. It 
means that DNA differences between people affect how easily 
they learn, remember, and use words (49). On the clinical plane, 
supposing there is a reciprocal interaction between environment 
and genes in the constitution of a specific behavioural profile 
means going beyond a diagnosis based on symptoms, in order to 
try to identify the aetiology of specific cognitive and behavioural 
phenotypes. 

It is known that language acquisition is a phenomenon that 
occurs naturally and rapidly in most children. However, some 
children do not show this normal language acquisition. These 
language-impaired children do not have any type of develop- 
mental or neurological delay; they simply have difficulty with 
language. The children with SLI make more random errors 
than the group of normal children. This demonstrates the prob- 
lem, which children with SLI have in learning new vocabulary 
as well as with grammatical categories. 
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It was noted earlier that there are several theories as to the 
origin of SLI. When comparing the brain of a child with SLI to 
that of a normally developing child, there are no anatomical 
differences. Research shows that SLI is more prevalent in boys 
than in girls. Researchers debate the issue of prenatal problems 
in relation to SLI because low birth weight and socioeconomic 
factors can be linked to other language impairments. Clinical 
studies on this matter are contradictory. 

Another theory deals with the inability to process sound 
normally (115). Auditory perceptual deficits could affect the 
perception of the brief acoustic speech elements. 

Limitations in working memory may be an implication for 
language development according to the study conducted by 
Adams and Gathercole (116). The study by Marton and 
Schwartz (117) tested the interaction between working mem- 
ory and language comprehension in children with SLI. This 
interaction was tested by studying the effect of sentence length 
on working memory and syntactic complexity. Working mem- 
ory is important in language comprehension during language 
acquisition because it allows the learner to analyze and to deter- 
mine the structural properties of a language. 

The theories discussed above all propose different aetiolo- 
gies for SLI]. The same may be said for intellectual disabilities in 
which more variables intervene. 

Genetics plays a significant role in the development of lan- 
guage disorders as demonstrated by SLI and SRD. The studies 
reported in this chapter refer to the advances in identifying 
genes responsible for SLI and SRD. Lewis’s work (81) summa- 
rizes the latest results on chromosomal regions that show good 
evidence of containing susceptibility genes (Table 12.2). 

As this research increases, there is great optimism that the 
genes will soon be found and our understanding of the origins 
of these disorders will truly begin. 


Table 12.2 Linkage to chromosomes identified thus far 


Chromosome Phenotype 

1 Dyslexia 

2 Word recognition; decoding 

3 Phonological awareness; rapid auditory 
naming test; verbal memory 

6 Vocabulary; rapid auditory naming test; 
spelling vocabulary 

7 Sequential articulation 

13 Reading discrepancy score 

15 Word recognition; spelling 

16 Non-word repetition 

18 Phon and and ortho ortho processing 

19 Clinical evaluation of language 
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Introduction 


A useful phenotypic classification of genetic disorders with 
nonsyndromal hearing impairment comprises the various types 
of audiometric configurations. Apart from conductive or mixed 
hearing impairment, Konigsmark and Gorlin (1) and Toriello 
et al. (2) distinguished several types of nonsyndromal sen- 
sorineural hearing impairment (SNHI): (downsloping) high- 
frequency SNHI, mid-frequency SNHI with a U-shaped 
audiometric configuration, (upsloping) low-frequency SNHI, 
and SNHI with a residual-hearing type of audiogram, i-e., mea- 
surable thresholds only in the low-frequency range. Additional 
distinctive features are related to progression (stable and pro- 
gressive), age of onset (congenital, early, and late onset), and 
severity (mild, moderate, severe, and profound). 

Using such a classification, this review surveys those genetic 
disorders with nonsyndromal hearing impairment that have 
already been linked to human chromosomal loci, following the 
specifications of the Hereditary Hearing Loss Homepage (here 
called HHH) (3). The autosomal-dominant loci for “deafness” 


include DFNA1-5, DFNA6/14/38, DFNA7, DFNA8/12, 
DFNA9-11, DFNA13, DFNA15-18, DFNA20/26, DFNA21-25, 
DFNA28, DFNA30-31, DFNA36, DFNA41-44, and DFNA47- 
50. The autosomal-recessive loci include DFNB1-6, DFNB7/11, 
DFNB8/10, DFNB9, DFNB12-18, DFNB20-23, DFNB26-27, 
DFNB29-33, DFNB35-40, DFNB42, DFNB44, DFNB46, and 
DFNB48-49. The X-linked loci include DFN2-4 and DFN6. In 
addition, a recently identified Y-linked locus is also included. 
Otosclerosis is only briefly mentioned, because, on the one 
hand, the audiometric phenotype of “otosclerosis,” which must 
be a mixed bag of loci yet to be identified, is sufficiently well 
known, whereas, on the other hand, the phenotypes pertaining 
to the newly identified loci for otosclerosis, such as OTSC2 and 
OTSC5, have only just begun to be defined. As regards heredi- 
tary auditory neuropathy, the autosomal-recessive type caused by 
OTOF mutations (DFNB9) is not specifically mentioned here 
because it fits in with the vast majority of recessive SNHI disor- 
ders showing residual hearing. The first locus that has been iden- 
tified for autosomal-dominant auditory neuropathy (AUNA\|s) 
is included. Furthermore, syndromal hearing impairment is not 
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included in this review. However, Pendred syndrome overlaps 
with DFNB4, and the differential diagnosis between Pendred 
syndrome and DFNB4 can be notoriously difficult, with the 
hearing impairment phenotypes of the two disorders being very 
similar. This is because the underlying cause is associated with 
inner ear malformations, i.e., the large endolymphatic duct and 
sac, which is common to these disorders, so that it is reasonable 
to include Pendred syndrome. 

The purposes of this review are to facilitate (i) the differ- 
ential diagnosis of genetic hearing impairment phenotypes, (ii) 
the consideration of treatment opportunities, (iii) the coun- 
selling, and (iv) the guidance for genotyping efforts of newly 
defined nonsyndromal hearing impairment traits. Illustrative 
examples are given as for as possible in figures based on previ- 
ously reported data, our own original data, or original data com- 
municated to us. In previous review papers, we dealt only with 
nonsyndromal autosomal-dominant SNHI (4-9). The present 
review not only updates and extends these reviews regarding 
autosomal-dominant SNHI disorders (linked to DFNA loci) 
but also covers autosomal-recessive SNHI (DFNB loci) and X- 
linked SNHI disorders (DFN loci) as well as a newly identified 
Y-linked disorder. 


Methods 


We adopted the classification by Koningsmark and Gorlin (1) 
with some minor modifications, most of which are in line with 
the European Union GENDEAF recommendations reported by 
Mazzoli et al. (10). These include two subcategories of high-fre- 
quency configuration: steeply (down)sloping, here designated 
“high frequency,” and flat-to-gently (down)sloping, the latter of 
which is a combination of the GENDEAF categories “flat” and 
“gently sloping.” The categories of frequency range are the 
recommended categories: low frequencies, 0.25 to 0.5 kHz; mid- 
frequencies, 1 to 2kHz; and high frequencies, 4 to 8kHz. We 
invoked previously classified onset categories which, however, 
appeared to be difficult to apply to many published reports. We 
therefore preferred to stay as close as possible to the original 
descriptions and just relay this information about onset age. 
The recommended categories of severity were applied: mild 
(20-40 dBHL), moderate (41—-70dB), severe (71-95 dB), and 
profound (>95 dB), the last of which we considered to be sim- 
ilar to the category of “residual hearing.” 

The GENDEAF recommendations call hearing impairment 
progressive if the annual threshold deterioration (ATD) for the 
pure-tone average (PTA) at 0.5, 1, and 2 kHz, i-e., PTA (51,214) 
exceeds 1.5dB. Instead, we specify progression, including the 
ATD where possible, and then, also specify whether progression 
is or is not significant. Progression is called significant when the 
threshold at the appropriate frequencies increases significantly 
with increasing age. Progression beyond “presbyacusis” is 
specified if the thresholds are still significantly progressive fol- 
lowing correction for median (P50) presbyacusis according to 


ISO 7029 (11). 


What we call “audiometric profile” comprises either a rep- 
resentative audiogram for a “typical” case as a minimum, a 
“mean audiogram” if hearing impairment does not change 
appreciably with increasing but not too advanced age, or age- 
related typical audiograms. These were constructed where pos- 
sible using the method previously reported (7). The threshold 
data used to derive such age-related typical audiograms were our 
own original data, original data obtained from others by per- 
sonal communication where specified, or data obtained from 
published papers, using table entries or plotted data points. 


Phenotype by audiometric profile 


Residual-hearing configuration 
DFNA loci 


Virtually none of the autosomal-dominant hearing impairment 
disorders associated with DFNA loci has residual hearing as a key 
distinctive feature. One exception is the (sub)residual-hearing 
audiometric configuration shown by a MYO6-based SNHI trait 
linked to locus DFNA22 (12). However, residual hearing can 
certainly be the endstage of any progressive autosomal-dominant 
hearing impairment phenotype. This includes obliterative 
otosclerosis, where, eventually, the air-bone gap (ABG) can be 
hardly discernible. Rapid progression to residual hearing is typi- 
cal of the recently identified autosomal-dominant type of 
auditory neuropathy linked to the AUNA1 locus (13). Patients 
with auditory neuropathy have SNHI with intact otoacoustic 
emissions combined with poor speech recognition even at 
subresidual-hearing levels and they may not benefit from using 
hearing aids. However, recent reports suggest there may be a 
place for cochlear implantation in auditory neuropathy (14-16). 


DENB loci 

The autosomal-recessive hearing impairment disorders associ- 
ated with the DFNB loci generally show residual hearing, ie., 
prelingual, severe-to-profound SNHI (17-20). This category 
includes “rapid progression to residual hearing.” This feature 
has been noticed in a study on a DFNB8/10 trait showing child- 
hood onset with progression to a residual-hearing configuration 
(21) and a study on a prelingual DFNB13 trait showing pro- 
gression starting from a flat to a gently downsloping configura- 
tion with moderate threshold levels at young ages (22). 
However, most importantly and most impressively, the feature 
of early, rapid progression leading to residual hearing is shown 
(Fig. 13.1) by DFNB4 and/or the (possibly overlapping) Pen- 
dred syndrone (23,24) and such progression can be accompa- 
nied by substantial threshold fluctuations (25-30). There is no 
doubt that fluctuations in inner-ear function of this kind that 
not only include hearing ability but also vestibular function are 
associated with the features of large endolymphatic duct and sac 
that can be identified by magnetic resonance imaging or the 
related feature of a large vestibular aqueduct that was demon- 
strated when computer tomography was the main imaging 
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Figure 13.1 Age-related audiograms for Pendred syndrome and/or DFNB4 
caused by a mutation in the SLC26A4 gene showing rapid progression to 
residual hearing. Age in years is given in italics. 


method. Such widening of the bony contours of the endolym- 
phatic duct was identified as a key feature in Pendred syndrome 
(31) as well as an associated feature in some other syndromal 
hearing disorders, such as branchio-oto-renal syndrome. 

It has been stated in some reports that a minority of 
patients with DFNB1 and with the 35delG/35delG genotype 
may show progression (32,33). However, we found no indica- 
tions of progression in cross-sectional analyses in a recent 
multicentre study (Snoeckx et al., unpublished data) or in 
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individual longitudinal analyses (34). One report demonstrates 
progression in genotypes involving a large deletion in GJB6 
(35). Another report, however, indicates a lack of significant 
progression in longitudinal analyses of such cases (36). Santos 
et al. also described the longitudinal analysis of a patient with 
the GJB2 H100P/S139N genotype (H100P is a novel muta- 
tion), who showed significant progression in SNHI in both ears, 
with ATD values of 1 to 2 dB (34). 

It should again be emphasised that most of the studies on 
DFNBI1 and other DFNB loci indicate the usual residual-hearing 
configuration, with few exceptions (see below). The most 
important exception is that patients with DFNB1 may show 
variable degrees of SNH]. DFNB1 is a fine example that our 
genotype—phenotype correlation studies are now becoming more 
sophisticated at the mutational level. DFNB1 is particularly 
suitable for such type of studies, because it is, by far, the most 
prevalent cause of congenital genetic SNHI, which is mainly 
based on GJB2 mutations (33). However, refinement of this type 
of analyses requires large numbers of patients and therefore 
depends on multicentre research projects. Part of the variability 
in the SNHI associated with DNFB1 can be explained by recent 
findings indicating that biallelic compound heterozygous GJB2 
mutation combinations of the type X/Y can show a residual- 
hearing configuration if both X and Y are some type of trun- 
cating mutation, or subresidual or even better hearing levels 
with a relatively flat audiometric configuration at mild-to-severe 
threshold levels if X and/or Y are some type of nontruncating 
mutation (Fig. 13.2) (37). The most important truncating muta- 
tions are 35delG (37), 233delC or 235delC (38,39), 167delT 
(40), W24X (41), as well as a large deletion in the GJB6 gene 
[indicated as del(GJB6)] located in the vicinity of the GJB2 
gene responsible for DFNB1 (42). At the moment, the most 
important GJB2 mutations in this respect seem to be the non- 
truncating mutations M34T (43-49), V37I (37,39,44,48,49), 
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and L9OP (37,44,46,48,50), as well as the splice-site mutation 
IVS1 +1G>A (Fig. 13.2) (37). 

Many authors, especially Cohn and Kelley (19), Murgia 
et al. (51), Toth et al. (52), and Cryns et al. (37), have empha- 
sised the wide spectrum of threshold variability shown by 
35delG/35delG homozygotes. One possible explanation is that 
modifying genes are involved. Further research into such a pos- 
sibility certainly requires additional large-scale efforts. 


DEN loci 

The majority of the X-linked types of SNHI, ie. DFN2 
(53-55), DFN3 (56,57), and DFN4 (54,55,58-60) have con- 
genital onset and show a residual-hearing type of configuration. 
In many instances, progression to a residual-hearing type has 
been specified: for DFN2 (61), as well as for DFN3 (55,62-68). 
It should be realised that DFN3 patients with a subresidual air- 
conduction threshold may show a low-frequency audiometric 
configuration on the basis of their ABG configuration, which, 


quite remarkably, is stationary throughout life (Fig. 13.3). DFN3 
is also associated with vestibular failure (56,57,63,66,67). 
Exceptional X-linked traits linked to DFN2 and DFN6 hav- 
ing different audiometric configurations that are not compatible 
with residual hearing are specified in the following sections. 


High-frequency downsloping audiometric 
configuration 


This category includes stable as well as progressive high- 
frequency downsloping configurations. Progression is the rule 
for autosomal-dominant traits (Fig. 13.4) (18). Exceptions are 
some traits linked to DFNA3 that have been presumed to show 
stable SNHI and those for which linkage to DFNA23 or 
DFNA24 was reported. The latter were specified as being 
nonprogressive. However, threshold data collected by F Hafner 
(personal communication to PH. 1999) did show age-related 
progression in a patient with DFNA24 that may be compatible 
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DFN3 (stapes gusher). Note that ABG is stationary 
throughout life (0-70 years). Abbreviation: ABG, 
air-bone gap. Source: Modified from Ref. 64. 
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Figure 13.4 High-frequency progressive phenotypes of DFNA2/KCNO4 (only mutations involving the channel pore region (69,70)], DFNA3/GJB2 (71), DFNA5 (72), 
DFNA7 (Source: Modified from Ref. 8, see that reference and present text for original data sources), DFNA9 (73), DFNA15 (74), DFNA16, and DFNA17 (Source: 
Modified from Ref. 8), DFNA20/26 (sources specified in text), DFNA36 (75), DFNB30 (76), and DFN6 (77). The symbol # followed by a number labels mean age-related 


typical audiograms covering the specified number of different traits or families. 


with “presbyacusis” (data not shown). Stability is the rule for 
autosomal-recessive traits. Some high-frequency downsloping 
audiometric configurations can be also interpreted as represent- 
ing a milder variant of the residual-hearing type. 


DFNA2 

DFNA2 typically shows a progressive high-frequency audio- 
metric configuration (Fig. 13.4) with, presumably, congenital 
onset and ATD in the range of 0.7 to 1 dB, regardless of whether 
it is caused by KCNQ4 mutations in the channel pore 
region (4,69,70,78-84), GJB3 mutations (85), or mutations in 
as yet unidentified genes at the DFNA2 locus (4,86-88). The 
traits with genes that have not yet been identified have been 
reported to have onset ages in the first or second decade of life. 
A different phenotype was found in a Belgian DFNA2/KCNQ4 
trait with a truncating frameshift mutation (Fs71) affecting the 
first intracellular domain of the KCNQ4-related voltage-gated 
K* channel: only the thresholds for the high frequencies 


(>1kHz) were increased, which produced a much steeper 
downsloping configuration than in the other DFNA2/KCNQ4 
traits (69). 

In the present type of progressive SNHI, the lower and 
the speech frequencies can be relatively spared for many years 
(Fig. 13.4) and therefore even congenital or early-childhood 
onset does not necessarily interfere with the normal develop- 
ment of speech and language skills. Bom et al. (89) found 
remarkably good speech recognition scores in DFNA2 patients, 
even at advanced ages and levels of hearing impairment. 


DFNA3 

The report by Grifa et al. (90) only hints at variable audiomet- 
tic configurations in this GJB6-linked SNHI condition. 
Denoyelle et al. (71,91) indicated a high-frequency to a fairly 
flat configuration (Fig. 13.4) with stable hearing. Onset was at 
an age less than four years or in the second decade of life, 
depending on the GJB2 mutation (W44C or C202F). 
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DFNAS5 

Patients with DFNA5 identified so far show a progressive high- 
frequency audiometric configuration (Fig. 13.4) with early- 
childhood to early-adolescent onset and most rapid progression in 
the first or second decade of life. The review by Kunst et al. (4) 
reproduces audiometric profiles typical of the original Dutch family 
(see their refs). Part of this family was reanalysed by De Leenheer 
et al. (92). Speech recognition remained relatively good (93). A 
second Dutch family was identified by Bischoff et al. (72). Those 
authors found that speech recognition in the second family was 
somewhat better than in the original family, which perhaps related 
to the slightly more favourable hearing thresholds. A third, Chi- 
nese family was recently identified with fairly similar features (94). 


DFNA7 

This results in a SNHI with a progressive high-frequency 
configuration (Fig. 13.4) and postlingual (first-decade) onset 
was described by Fagerheim et al. (95) and Elverland et al. (96) 
and reviewed by Tranebjzerg et al. (97). 


DFNA8/12 (1 Trait) 

Alloisio et al. (98) described a condition with prelingual 
onset and a progressive high-frequency configuration at mild- 
to-moderate threshold levels. The ATD was 0.7dB at 0.5 to 
4kHz, which, presumably indicates some progression beyond 
“presbyacusis.” A mutation was found in the zonadhesin-like 


domain of TECTA. 


DFNA9 

All the reported patients show progressive high-frequency 
SNHI (Fig. 13.4) with midlife onset or, in one American fam- 
ily, onset in the second-to-third decade of life (99,100). 
Vestibular dysfunction also develops gradually (73) and eventu- 
ally leads to vestibular areflexia. Hearing deteriorates over a few 
decades, with maximum ATD values of 2 to 7dB (101) or even 
higher in some individual cases, eventually leading to residual- 
hearing or (sub)residual-hearing threshold levels (102,103). 
The age-related typical audiograms shown in Figure 13.4 are 
compatible with an average ATD of 2 to 3 dB. Speech recogni- 
tion is relatively poor (100), showing features similar to “pres- 
byacusis” that already occur at a younger-than-usual age (89). 


DFNA15-17 

DFNA15 as described by Frydman et al. (104) showed a 
progressive high-frequency pattern of hearing impairment 
(Fig. 13.4) with postlingual onset. Progression beyond “presby- 
acusis” occurred with ATD values of between 1.1 dB at 0.25 to 
1 kHz and 2.1 dB at 2 to 4kHz (74). The age of onset was esti- 
mated at 15 to 25 years using fitting methods in cross-sectional 
data analysis. Speech recognition continued to be relatively 
good even at the higher threshold levels (104). Fukushima et al. 
(105) described a DFNA16 trait with early onset and a high- 
frequency pattern of hearing impairment with rapid progression 
(Fig. 13.4) in the first decades of life. A distinctive feature was 
that large threshold fluctuations occurred that appeared to 
respond favourably to steroid treatment. 


Lalwani et al. (106,107) reported a DFNA17 trait with 
early onset that showed progressive high-frequency hearing 
impairment features (Fig. 13.4). Individual longitudinal 
analyses revealed ATD values of up to about 3dB. Speech- 
recognition scores were relatively good, even in members of the 


family who had substantial SNHI. 


DFNA20/26 

DFNA20/26 traits show progressive high-frequency audiomet- 
ric configurations (Fig. 13.4), with postlingual onset varying 
between childhood and late adolescence (108-112). Teig (113) 
described a family for whom linkage to the DFNA20/26 locus 
was recently confirmed and an ACTG! mutation was identified 
(L Tranebjzrg, personal communication). Kemperman et al. 
(112) reported relatively good speech-recognition scores at 
sound levels of less than 100 dBHL. 


Other DFNA loci 

SNHI traits with postlingual onset showing progressive high- 
frequency configurations have been reported with linkage to 
DFNA30 (114) in which the onset age was relatively late 
(10-40 years) and to DFNA36. The latter showed SNHI with 
postlingual onset in the first decade and a high degree of pro- 
gression (Fig. 13.4), with ATD values in the range of 5 to 8dB 
at increasing audio frequencies (75). It should be noted 
that these high ATD values related to the initial stage of dete- 
rioration. Subsequently, the rate of deterioration decreased. 
The age-related typical audiograms based on_ threshold 
data from their last visit (Fig. 13.4) reflect much lower ATD 
values of around 1dB. DFNA42 (115), DFNA47 (116), and 
DFNA48 (117) also showed postlingual onset in the first- 
to-third decade of life and similar audiometric profiles; progres- 
sion was fairly slow in patients with DFNA48. Presumably 
“nonprogressive” types of SNHI, i-e., SNHI that did not appear 
to show progression beyond “presbyacusis,” were reported for 
DFNA23 (118), which also showed a conductive hearing 
loss, nor for DFNA24 (119). The last two conditions were of 


prelingual onset. 


DENB loci 

Houseman et al. (45) described two sibs with an M34T/M34T 
GJB2 genotype (DFNB1) with a high-frequency audiometric 
configuration with moderate-to-severe threshold levels. We 
presume that this type of SNHI is stable. Ahmed et al. (120) 
described a DFNB8/10 trait with congenital SNHI and a stable 
high-frequency audiometric configuration. Villamar et al. (121) 
described a DFNB16 trait with early childhood onset showing a 
high-frequency configuration with stable thresholds at moder- 
ate-to-severe levels. Walsh et al. (76) described a DFNB30 
trait (Fig. 13.4) with postlingual (fairly late and variable) 
onset SNHI showing a progressive, gently to more steeply 
downsloping audiometric configuration (Fig. 13.4). Substantial 
progression in SNHI is exceptional for autosomal-recessive 
hearing impairment disorders. We estimated the ATD to be 
approximately 1.2 dB at 0.5 to 8kHz. Progression was certainly 
beyond “presbyacusis” at the lower frequencies. 
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DFN6 

One reported DFN6 family showed SNHI with postlingual onset 
in the first decade of life and a progressive high-frequency type 
of audiometric configuration (Fig. 13.4) (77). We estimated an 


ATD of about 1dB from the two audiograms depicted by del 
Castillo et al. (77). 


Flat-to-gently downsloping audiometric 
configuration 


This category includes stable as well as progressive, flat-to-gently 
downsloping phenotypes (Fig. 13.5). In the following, the majority 
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of the traits show a progressive phenotype. A stable audiometric 
configuration is shown by the exceptionally mild DFNB1 
phenotypes encountered in some patients having DFNB1 with 
biallelic nontruncating mutations in GJB2 (see above). 


DENA loci 

DFNA4 shows postlingual progressive, flat-to-gently downsloping 
audiometric configurations as illustrated in Figure 13.5 (122,123). 
Pusch et al. (124) reported thresholds at moderate-to-severe lev- 
els (mean 75 dB) and an ATD of approximately 0.5 dB, which is 
presumably compatible with normal “presbyacusis” (Fig. 13.5). 
Although one of the patients described by McGuirt et al. (123) 
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Figure 13.5 Phenotypes showing a flat-to-gently downsloping audiometric configuration. For DFNA4, two different traits are covered by different panels (top). 
Source: Trait 1, data from Refs. 122, 123; trait 2, from Ref. 124; asterisks indicate longitudinal data (indicating ATD 3-4dB). Other data or modified figures 
from: DFNA10, Ref. 9; DFNA11, Refs. 125-127, Bischoff et al. (unpublished data); DFNA18, Ref. 128; DFNA21, Ref. 129; DFNA25, Ref. 130; DFNA28, Ref. 131; DFNA31, 


Ref. 132; DFNA41, Ref. 133; DFNA43, Ref. 134; and DFNASO, Ref. 135. 
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was measured twice and the ATD that can be derived from these 
data is 3 to 4dB, the ensemble of available threshold data suggests 
only limited progression given the corresponding ages (Fig. 13.5). 
The DFNA8/12 trait described by Pfister et al. (136) is excep- 
tional among traits linked to locus DFNA8/12 because it showed 
a flat-to-gently downsloping hearing impairment rather than a 
mid-frequency configuration and was progressive with an ATD of 
about 0.4dB. The reported DFNA10 patients show postlingual 
hearing impairments of variable onset within the first four decades 
of life and a progressive, flat-to-gently downsloping configuration 
(Fig. 13.5) with an ATD of approximately 0.8dB (pooled fre- 
quencies) (137,138) to 1.1dB (0.5-4kHz) (139). McGuirt et al. 
(123) showed an example of one member of the original DFNA10 
family, whose ATD may have been as high as 4 dB in the higher 
frequency range. Speech recognition was relatively good in the 
American family according to the phoneme scores analysed by 
De Leenheer et al. (137). 

Fairly similar phenotypes (Fig. 13.5) with postlingual onset in 
the first two decades of life have been reported for DFNA11 
(125-127,140) (Bischoff et al., unpublished data), DFNA18 
(128), DFNA21 (129), DFNA25 (130), DFNA28 (131), and 
DFNA31, which had initially been linked to DFNA13 (Fig. 13.5) 
(132,141), DFNA41 (133), DFNA43 (134), and DFNA50 (135). 

It can be appreciated from Figure 13.5 that some traits, for 
example, those linked to DFNA25 and DFNA43, showed 
high-frequency characteristics only at relatively young ages. 
Other SNHI traits, such as those linked to DFNA10, DFNA18, 
DFNA28, and DFNA41, tended to develop more high- 
frequency impairments with increasing age. Progression 
indicated ATD values of between 0.6 dB for DFNA11 (125,140) 
and DFNA28 (131) and 1.1 to 1.5dB for DFNA31 (132) and 
DFNAS5O (135). In DFNA21 (Fig. 13.5), the ATD is 0.7 to 
1.1dB from the low to the high frequencies (129). The subjec- 
tive age of onset was reported to be in the second decade of life 
for DFNA41 and DFNA50. For the DFNA21 trait studied by 
Kunst et al. (129), the subjective age of onset reported by the 
affected family members varied from childhood to late adoles- 
cence and even later. However, the available threshold data 
allowed for backward extrapolation in linear regression analyses 
that produced consistent estimates of onset age at about three to 
five years for all frequencies. Backward extrapolation in cross- 
sectional linear regression analysis produced estimates of onset 
ages for the DFNA31 trait of between 5 years (0.25—0.5 kHz) 
and 12 years (2-8kHz) (132). Such apparently discrepant find- 
ings may be typical of slow postnatal progression of the SNHI. A 
distinctive feature of DFNA11 is progressive vestibular dysfunc- 
tion, eventually leading to vestibular areflexia (125,126,140). 


OTSC2, 5 

At the GENDEAF meeting in Caserta, March 2005, 
Declau presented a paper specifying a fairly flat audiometric 
configuration for OTSC2, including the ABG. In a family with 
OTSC5, which we recently studied, there were fairly similar 
findings (142). Given the natural history of otosclerosis, the 
clinical picture must include progression over at least a few 
years prior to surgery. 


DENB loci 

Several of the DFNB1 genotypes with relatively mild SNHI show 
thresholds at moderate-to-severe levels with a relatively flat 
audiometric configuration (Fig. 13.2). One study on a DFNB13 
trait specified a relatively flat configuration with moderate thresh- 
old levels at young ages, probably preceding progression (22). 


Y-linked locus 

A SNHI trait in a Chinese family showed Y-linked inheritance 
with onset in childhood to late adolescence and a progressive, 
flat-to-gently downsloping audiometric configuration. Threshold 
levels were mild to severe, but there was no profound hearing 
impairment (143). There was no significant age-related increase 
in threshold between 9 and 71 years of age. The binaural mean 
pure tone audiogram averaged over all frequencies was 71 dB. 
The precise audiometric configuration was not clearly described. 


Mid-frequency or U-shaped audiometric 
configuration 


This category includes stable as well as progressive mid-frequency 
configurations (Fig. 13.6). This phenotype is only encountered 
among autosomal-dominant traits, although one exceptional 
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Figure 13.6 Mid-frequency phenotypes. Loci relating to TECTA in the top row. 
The top row panels show the mean +1 intertrait SD. The dotted line in the 
panel for DFNA44 highlights the fact that this threshold line mainly relates to 
one, possibly exceptional, patient who showed a remarkably unfavourable 
threshold at an advanced age and therefore should be regarded with 
reservation. Source: Data or modified figures from: DFNA8/12, Refs. 144-146; 
DFNB21, Ref. 147; DFNA13, Refs. 148-150; and DFNA44, Ref. 151. 
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X-linked trait has been described as showing mid-frequency—like 
features. In some of the autosomal-dominant traits, progression 
may be compatible with “presbyacusis,” but there are also traits 
that show greater progression. 


DENA loci 

The majority of the TECTA-based traits linked to DFNA8/12 
show prelingual onset of SNHI with a stable mid-frequency 
(sometimes more low-frequency) audiometric configuration 
(Fig. 13.6) (144-146,152). Almost all of the other autosomal 
dominant traits with the mid-frequency configuration show 
progression. This includes the DFNA8/12 trait described by 
Moreno Pelayo et al. (153) with an ATD of 0.4dB at 0.5 to 
2kHz, the reported DFNA13 traits (Fig. 13.6) (123,148-150), 
the DFNA44 trait described by Modamio-Hgybjgr et al. (Fig. 
13.6) (151), and the DFNA49 trait described by Moreno Pelayo 
et al. (154) that may also have shown some low-frequency char- 
acteristics. Some traits showed substantial progression. 
DFNA44 had an ATD of 1.1 to 1.2dB and DFNA49 had an 
ATD of 0.7 dB at all frequencies. However, the DFNA13 trait 
underlying the report by McGuirt et al. (123) did not show sig- 
nificant progression beyond “presbyacusis.” Given the particu- 
lar threshold configuration and limited degree of SNHI, the 
normal development of speech and language skills in patients 
having SNHI linked to DFNA13 does not exclude the possibil- 
ity of prelingual or congenital onset. One DFNA13 trait stud- 
ied by De Leenheer et al. (155) using special audiological tests 
indicated that DFNA13 represents a particular type of intra- 
cochlear conductive hearing impairment. Speech recognition 
was found to be relatively good. The latter finding was also 
reported for DFNA8/12 by Kirschhofer et al. (144). 


DFNB2Z1 

The study by Naz et al. (Fig. 13.6) (147) indicates a stable, 
flat-to-gently downsloping configuration of prelingual SNHI 
at moderate-to-severe levels for a DFNB21 trait (Fig. 13.6). 
Although the audiometric configuration could be classified as 
flat-to-gently downsloping, this SNHI trait is classified here 
with the mid-frequency traits DFNA8/12 that are also caused 
by TECTA mutations. Minor differences between these 
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TECTA-based traits seem to relate to the degree of hearing 
impairment, especially at the high frequencies (Fig. 13.6). 


DFN2? 
Manolis et al. (Fig. 13.7) (157) described an exceptional trait with 
presumed linkage to DFN2, which showed congenital SNHI with 


a progressive low- to mid-frequency audiometric configuration. 


Low-frequency audiometric configuration 


This category includes stable and progressive low-frequency, 
i.e., upsloping configurations. This phenotype is almost exclu- 
sively encountered among autosomal-dominant traits. Some of 
the traits have stable hearing and, in those showing progression, 
in some instances this may be compatible with “presbyacusis.” 


DENA loci 

The only trait linked to DFNA1 showed early onset of SNHI with 
a low-frequency configuration with rapid progression (158-160). 
The age-related typical audiograms shown in Figure 13.7 are com- 
patible with an ATD of 3 to 5 dB. Some of the families linked to 
the DFNA6/14/38 locus showed an apparently stable low-fre- 
quency configuration (4,161), i-e., with progression presumably not 
beyond “presbyacusis” (18, 162-165). This may also apply to the 
two traits reported very recently by Giirtler et al. (166). The other 
DFNA6/14/38 traits (Fig. 13.7), however, showed substantial pro- 
gression beyond “presbyacusis” (167-170). The traits described by 
Bom et al. (171) showed ATD values of 0.5 to 1.3 dB at increasing 
frequencies. Family A described by Bille et al. (167) showed a 
median ATD of 1.1 dB at 2 to 4kHz in their individual longitudi- 
nal analyses. One of the two families described by Pennings et al. 
(172) showed no significant progression; the other showed a 
pooled ATD of 1 dB. The latter study also demonstrated relatively 
good speech-recognition scores. The onset of hearing impairment 
in all these traits varied between possibly congenital or somewhere 
in early childhood and somewhere in the first three decades of life. 
DFNAS54, described by Giirtler et al. (Fig. 13.7) (156), represents 
the third locus for an autosomal-dominant SNHI that is associated 
with a low-frequency configuration. It showed relatively late onset 
(5-40 years) and progression beyond “presbyacusis.” 
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Figure 13.7 Low-frequency progressive phenotypes. Source: Data or modified figures from: DFNA1, Ref. 9; DFNA6/14/38, see text; DFNA54, Ref. 156; the subject 


and age are not specified; and DFN2, Ref. 157. 
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DFN2? 

The exceptional (presumable) DFN2 family reported on 
by Manolis et al. (Fig. 13.7) (157) can be also mentioned in 
this category because of its low-frequency-—like features. 


Discussion 
The purposes of this review are several 


Facilitating the differential diagnosis, counselling, 

and guidance for genotyping efforts 

As regards the differential diagnosis, it needs to be emphasised 
that different genotypes may show fairly similar phenotypes. 
The classification of phenotypes by audiometric configuration 
seemed to do reasonably well at first sight. From Figures 13.4 to 
13.7 it would seem that the differences in audiometric profile 
between these figures are greater than within these figures. 
Maximum downward slopes in the audiogram are above 
10 dB/octave in high-frequency downsloping configurations 
(Fig. 13.4) and below 10dB/octave, with few exceptions in 
flat-to-gently downsloping configurations (Fig. 13.5). The 
exceptions in Figure 5 are found in the panels for DFNA41 
and DFNA43. Although the average slope in the decade 
threshold lines is below 10dB/octave, “local” slopes of >> 
10 dB/octave can be seen in the high frequencies at advanced 
ages in DFNA41 and in DFNA43 in the mid-frequencies in 
midlife. Accentuated local slope in the audiogram configura- 
tion is also found in high-frequency downsloping configurations 
(Fig. 13.4). The feature of steepest slope in the mid-frequency 
range is also found in DFNA5 in late adolescence and in 
DFNA15 at advanced ages. A midlife-associated steepest slope 
in the audiogram is found in DFNA9 in the 2 to 4 kHz range. 
The steepest slopes are found in the low-frequency range in 
DFNA36 throughout life and in DFNA20/26 at advanced ages 
(Fig. 13.4). 

Despite this type of detailed observations that can be made 
regarding possibly distinctive features, the differential diagnosis 
of phenotypes is often quite problematic. We used the threshold 
features array (TFA) as previously defined (7) in an attempt to 
find out the apparent similarities or dissimilarities of those traits 
for which sufficient reliable age-related threshold audiogram 
data were available in a quantified, objective way. It appeared 
that regrouping of phenotypes within and between the four 
main classes pertaining to Figures 13.4 to 13.7 is certainly 
possible (see sections on TFA below). 

The onset age does not generally contribute to the differ- 
ential diagnosis, apart from the differential diagnosis between 
DFNAS5 (onset in early childhood to early adolescence) and 
DFNA9 (midlife onset). Early onset with rapid progression may 
be a useful distinctive feature (see DFNB4/PDS in Fig. 13.1, 
DFNA1 in Fig. 13.7, and DFNA16, DFNA17, DFNA36, and 
DFN6 in Fig. 13.4). Progression by itself can be an important 
item. Extremely rapid deterioration, showing up in the 


age-related threshold audiograms as a great distance between 
consecutive (decade) threshold lines, can be seen in DFNAI1 
(Fig. 13.7). Rapid initial deterioration with a gradually decreas- 
ing rate of deterioration, i.e., nonlinear progression that is asso- 
ciated with nonequidistant (decade) threshold lines in the 
age-related threshold audiograms, can be noted in traits linked 
to DFNB4/PDS (Fig. 13.1), DFNA5 and DFNA9 (Fig. 13.4), 
and DFNA10 (Fig. 13.5). 

The occurrence of substantial fluctuations in threshold 
(DFNB4/PDS and DFNA16) is another distinctive feature of 
importance. This also holds for vestibular failure (DFNB4/PDS, 
DFNA9/COCH, DFNA11/MYO7A, and DFN3/POU3F4). 

As regards the possible value that careful phenotyping may 
have for the guidance of genotyping efforts, we and others have 
already had favourable experiences with some of the more 
remarkable traits. Congenital residual hearing on a possibly auto- 
somal-recessive basis should be always tested for DFNBI. 
DFNA2-linked traits are fairly easy to recognise (Fig. 13.4). 
Although, as stipulated here, there are several traits with fairly 
similar phenotypes, the relatively high prevalence of DFNA2- 
linked traits favours guidance in this case (70). This also applies 
to traits with SNHI caused by WFS1 mutations, whose pheno- 
type is even more easily recognised [DFNA6/14/38, see Fig. 13.7 
and the editorial by Smith and Huygen (9)]. The combination of 
the features of midlife onset and progressive deterioration in 
hearing and vestibular function is so typical that DFNA9/COCH 
can be easily recognised (101); in The Netherlands and Belgium 
(Flanders), the relative prevalence of traits linked to DFNA9 
is relatively high. For other traits, especially the less typical 
or prevalent traits, probably the best strategy for guided pheno- 
typing is to screen all the loci that are associated with possibly 
similar phenotypes and extend the list of loci to be checked, 
anyway, if the first search is negative. 

Thus, it would seem that, in general, phenotyping does 
not contribute very much to genotyping efforts in terms of 
guidance, anyway. Genotyping will always continue to be nec- 
essary. Sometimes, however, careful phenotyping does con- 
tribute to the guidance of genotyping to the effect that the 
latter can be limited and considerable time, efforts, and costs 
can be saved (see the last section below). 


Facilitating the consideration of treatment 

opportunities 

It is important to realise in which types of genetic hearing 
impairment disorder the affected subjects are likely to have 
only residual hearing. In that case, cochlear implantation is a 
treatment option. In other types of hearing impairment, i-e., 
those not associated with residual hearing, fitting a (multiband) 
hearing aid may be a reasonable option. Given the sometimes 
remarkably mild types of hearing impairment of DFNB1 phe- 
notypes involving nontruncating GJB2 mutations (Fig. 13.2), it 
is important to recognise the relatively good opportunities 
for fitting hearing aids in such cases, where a typical residual- 
hearing type of SNHI might have been expected to develop. 
The most important distinctive feature of DFN3 is the ABG 
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and it is important to recognise this phenotype feature because 
stapes surgery should be avoided because of the risk of perilym- 
phatic gusher. The bone conduction level may allow for 
effective amplification (Fig. 13.3). An important item for coun- 
selling in the slowly progressive types of hearing impairment is 
that auditory communication will become more difficult from 
around midlife onward. Although in such cases, the degree of 
hearing impairment may still be limited at more advanced ages 
(Fig. 13.5) and aided hearing certainly is a realistic option, the 
choice of profession made decades before midlife can be critical. 


Updating and using the threshold feature array (TFA) 

Using the previously described method (7) that bears on the 
TFA, we updated and extended the previously designed table 
with TFA data (Table 13.1). We have outlined the purpose of 
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such data and the associated method in the previous paper. 
Briefly, they can be used to test whether the age-related thresh- 
old audiograms and the derived TFA for a given novel trait are 
similar or dissimilar to previously reported ones (7,70). Testing 
between complete TFAs derived for the newly established age- 
related threshold audiograms shown in the present paper was 
performed as previously outlined using the chi-square test. 
Table 13.2 shows the result of these tests in the form of S values 
equalling the P values attached to the corresponding chi-square 
tests for pairwise comparisons. We replaced the symbol P, for 
probability, by the symbol S for similarity, because the TFAs do 
not cover real sampled data. The consecutively sampled values 
predicted by regression do not pertain directly to the original 
data points and are unlikely to be stochastically independent. 
S =1 indicates complete similarity (=identity), whereas S = 0 


Table 13.1 Threshold feature arrays’ for suitable loci data that can be used in conventional chi-square tests? 


Locus, # traits Cella Cell b Cell c Cell d 
DFNA2 #8 9 3 1 7 
DFNA5 #2 9 6 3 7 
DFNAG/14/ 1 6 10 15 
38 #7 
DFNAQ 1 11 8 5 
DFNA10 #2 9 6 6 7 
DFNA11 #3 5 5 4 11 
DFNA13 #2 14 9 7 2 
DFNA15 12 10 8 4 
DFNA18 10 5 - 6 
DFNA20/ 7 5 3 8 
26 #6 
DFNA21 12 10 9 4 
DFNA25 - 10 - - 
DFNA28 12 8 7 4 
DFNA31 15 11 10 1 
DFNA36 5 - - 4 
DFNA41 3 2 3} 12 
DFNA43 12 8 6 4 
DFNA50O 7 5 5 7 
“Cell count for cells a-i as defined by Huygen et al. (7). 


Celle Cell f Cell g Cell h Cell i 
11 8 0 2 7 
6 5 0 4 8 
10 6 0 0 0 
4 2 0 1 6 
10 7 0 0 3 
11 10 0 0 2 
7 8 0 0 1 
5 4 0 1 4 
11 - 0 0 - 
4 4 1 7 9 
6 6 0 0 1 
6 - - 0 - 
8 9 0 0 0 
5 6 0 0 0 
= - I! 10 12 
11 7 1 3 6 
7 6 1 4 
g 7 2 2 4 


Cells a,b,c pertain to 0-39 dB and 0.25-0.5 kHz, 1-2 kHz, and 4-8 kHz, respectively; cells d,e,f pertain to 40-79 dB and these grouped frequencies; cells g,h,i 
pertain to 80dB and over and these grouped frequencies. Averages (bold) pertain to norm (multitrait) values. It should be noted that a conventional chi-square 
test can be used for testing across separate arrays (single trait or average), but that a chi-square test for goodness of fit should be used if (average) norm values 
are applied as representing the expected values for comparison with a single trait. Prior to performing a conventional chi-square test on a given contingency 
table that can be constructed by combining any arrays, cells should be combined where necessary according to general rules described for chi-square tests in 


most textbooks on statistics. 
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indicates no similarity at all. All of the present traits 
whose audiometric profiles are shown in Figures 13.4 to 13.7, for 
which sufficient testable age-related threshold audiogram data 
could be obtained are included in this table, with no regard for 
their tentative classification into the corresponding main 
phenotypes. 

As the S values in Table 13.2 were intended to assist in 
visual pairwise comparison between the (complete) age-related 
threshold audiograms of different loci, we performed such a 
visual comparison for all complete age-related threshold audio- 
grams included in Figures 13.4 to 13.7 in descending order of the 
corresponding S value. Starting from the highest S value involv- 
ing a given locus, we looked at the successive other loci. For 
DFNAI1 (age-related threshold audiograms in Fig. 13.5), for 
example, the highest S value in Table 13.2 is 0.66, which is 
attached to the comparison with DFNA10 (Fig. 13.5); the next 
S value involving DFNA11 is 0.35, attached to the comparison 
with DFNA50 (Fig.13. 5). Looking at the age-related threshold 
audiograms of the corresponding pairs of loci, we concluded that 
the age-related threshold audiograms of DFNA11 and DFNA10 
might be visually confused, but the age-related threshold audio- 
grams of DFNA11 and DFNA50 would not seem likely to be 
confused. After having made all the visual comparisons by 
all the available complete age-related threshold audiograms, we 
concluded that loci, whose TFAs in pairwise comparison 
(chi-square test) produce an S value of 0.6 or higher, would seem 
fairly likely to be visually confused. Remarkably, there are only 
two loci whose age-related threshold audiograms are unlikely to 
be visually confused with the age-related threshold audiograms 
for any other loci: DFNA6/14/38 (Fig. 13.7) and DFNA41 
(Fig. 13.5). There are four loci (DFNA2, DFNA9, DFNA11, 
and DFNA20/26) whose age-related threshold audiograms can 
be fairly easily confused with the age-related threshold audio- 
grams of one different locus each (Table 13.2). The age-related 
threshold audiograms of three loci (DFNA5, DFNA28, and 
DFNA31) can be fairly easily confused with the age-related 
threshold audiograms of two different loci each, whereas the 
age-related threshold audiograms of five loci (DFNA1O, 
DFNA13, DFNA15, DFNA43, and DFNA50) could be con- 
fused with the age-related threshold audiograms of three loci 
each. There is one locus, DFNA21 (Fig. 13.5), whose 
age-related threshold audiograms could be confused with the 
age-related threshold audiograms of five other loci (DFNA13 in 
Fig. 13.6, DFNA15 in Fig. 13.4, DFNA28, DFNA31, and 
DFNA43 in Fig. 13.5). It shows that 8 of the 15 S values 
above 0.6 in Table 13.2 pertain to pairwise comparisons involv- 
ing age-related threshold audiograms included in the same figure 
(Fig. 13.4, 13.5, or 13.6) and 7 S values above 0.6 pertain to 
comparisons involving age-related threshold audiograms 
included in different figures (Fig. 13.4, 13.5, or 13.6). This kind 
of observation demonstrates that our assignment of loci to the 
main tentative phenotypes for which Figures 13.4 to 13.7 were 
designed must have been fairly arbitrary. It is indeed possible to 
group fairly similar age-related threshold audiograms in a 
number of different clusters that might represent separate 


phenotypical entities. In order to attempt forming tentative 
phenotype clusters, we started from the grouped loci specified 
above and checked whether the attached S value for the group 
(=P value in simultaneous chi-square test) was 0.6 or higher. 
This limiting value was chosen because we presume that a value 
of S = 0.6 attached to simultaneous comparison between TFAs 
(n>2) also corresponds to age-related threshold audiograms 
that might be fairly easily confused on visual inspection. If the 
tentative cluster had S <0.6, we searched for the locus or loci 
that could best be skipped from the cluster in order to obtain 
S$>0.6. If the tentative cluster had S>0.6, it was checked 
whether the cluster could be extended with additional loci while 
maintaining the condition of S >0.6. Small tentative clusters 
were neglected if they were found to form part of any larger ten- 
tative cluster(s). The clusters thus obtained were: (A), 
DFNA6/14/38; (B), DFNA41; (C), DFNA10O and 11; (D), 
DFNAS5, 20/26 and 50; (E), DFNA10, 43 and 50; (F), DFNA13, 
21, 28, and 31; (G), DFNA2, 5, 10, and 50; (H), DFNA9, 10, 
13, 15, 21, and 43; and (1), DFNA13, 15, 21, 28, 31, and 43. It 
is of note that DFNA11 initially formed part of a former version 
of cluster E (with S = 0.47) that is formed by (Table 13.2) start- 
ing from DFNA10 but had to be skipped in order to obtain 
S>0.6 for the final cluster (S = 0.81). Cluster H was obtained by 
starting from DFNA15 by combining all the loci whose TFA in 
pairwise comparison with the TFA for DFNA15 had S>0.6 
(Table 13.2) and then also add the TFAs for DFNA10 and 
DFNA13 by trial and error to obtain S$ =0.62 for the final 


cluster. 


Which loci should be tested for a given new trait? 
When complete age-related threshold audiograms have been 
derived for a newly outlined SNHI trait, Figures 13.4 to 13.7 
should be scanned to see what it looks like. If it looks like any 
of the complete age-related threshold audiograms in these 
figures, the scheme indicated in Table 13.3 might be followed. 
This scheme has been obtained by looking up in which of 
the above described clusters the look-alike age-related thresh- 
old audiograms are included and then specify all the other loci 
included in these clusters. If newly derived age-related thresh- 
old audiograms look most similar to those of the incomplete 
age-related threshold audiograms included in Figures 13.4 to 
13.7, the next most similar complete age-related threshold 
audiograms should be pinpointed to apply the scheme. Table 
13.3 indicates that initial testing of a limited number of loci 
(n = 1-9) might be sufficient. If all the initial tests are negative, 
additional loci could be tested, even if the present paper indi- 
cates that they seem to be unlikely to be associated with fairly 
similar phenotypes. 
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iv Early detection and 
assessment of genetic 


childhood hearing 
impairment 


Introduction 


Throughout life, the hearing organ, with its different anatomi- 
cal areas, i.e., outer ear and ear canal, middle ear, inner ear and 
auditory pathways, may be affected by numerous damaging fac- 
tors, resulting in a hearing disorder. The loss of auditory sensi- 
tivity—which in clinical terms is hearing impairment 
(H1I)—may, in children, result in reduced or delayed acquisition 
of language and development of communication, which in turn 
can lead to poor educational achievements and reduced quality 
of life, self-esteem, and employment opportunities. 

HI, in children, caused by genetic factors is permanent, 
irrespective of the site of lesion in the auditory organ and may 
be conductive or sensorineural and progressive or stable, with 
early or late onset. Thus, it may be congenital, acquired early 
(i.e., in the neonatal period), or acquired through childhood 
although it is currently impossible to distinguish between 
genetic HI present at birth and HI acquired in the neonatal 
period, which is thus termed congenital. Because genetic HI 
may develop before or after language acquisition, some prefer to 
use the terms prelingual and postlingual HI. Because language 
and speech development is essential for communication, the 
impact and adverse effects of a prelingual HI can be devastating 
if not treated (1-3). 

This contribution will concentrate on the detection of con- 
genital HI with some reference to hereditary HI (HHI) and the 
assessment of genetic factors causing HI in infancy and child- 
hood, with their potential for primary and secondary preven- 
tion of HI. 


Detection of congenital HI 


It has been documented and long recognised that infants with 
congenital permanent HI are detected and identified with a 
severe delay and thus have a high risk of speech and language 
deficits (1-3). 

Most HHI is caused by genes resulting in only HI (i-e., non- 
syndromal) and 90% of the parents have normal hearing so a 
difference in age at identification between genetic and non- 
genetic HI has, to the author’s knowledge, not been docu- 
mented. However, it may be anticipated that problems in 
children with parents affected by HI and infants with hearing- 
impaired older siblings may be detected earlier when compared 
to other children. Thus, based on an ongoing paediatric audio- 
logical register (4,5), a comparative analysis was performed of 
the age at identification of congenital HI caused by genetic and 
nongenetic factors in the case of children born between 1985 
and 2000. The 289 diagnosed as having hereditary congenital 
HI were diagnosed at a median age of 78 months, whereas the 
334 with nongenetic factors causing congenital HI were diag- 
nosed at a median age of 66 months. The difference is not sig- 
nificant and complies with the major proportion of sporadic and 
inherited autosomal recessive HI among children, and thus the 
early detection of hearing-impaired children is described with- 
out specific relationship to HHI. 

The early detection of hearing impaired infants/children 
has been emphasized since the late 1960s, which resulted in 
implementation of hearing screening programmes in the 1970s 
either as universal hearing screening or as targeted groups. 
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However the screening tests had poor sensitivity/specificity (6) 
and the behavioural hearing-screening tests were performed at 
an age far too late for optimal intervention, which, on current 
evidence, is considered to be no later than six months of age 
(7-9). A list of risk indicators has represented a screening 
method (10), although, even if 100% effective, the indicators 
would only detect about 40% to 50% of children with congen- 
ital HI. 

Throughout the 1990s, Universal Neonatal Hearing- 
Screening programmes (UNHS) have been implemented—pre- 
dominantly in the United States—but within the last five years, 
several European countries have also introduced and imple- 
mented UNHS on a national level. In many European regions 
and health authority districts, UNHS is performed with a high 
compliance. In addition, the challenges imposed upon the diag- 
nostic and intervention process by the early detection of hear- 
ing-impaired infants have resulted in early-detection and 
hearing-intervention (EDHI) programs of benefit to the entire 
paediatric audiological services. 

Neonatal hearing screening is most often performed as a 
two-stage screening procedure using otoacoustic emissions 
(OAEs) or automated brainstem audiometry (ABR) or a com- 
bination of the two methods (11). Mass hearing screening in 
children, irrespective of age, is based on the concept of sec- 
ondary prevention and it is a requirement for the implementa- 
tion of all screening programmes that the condition represents 
an important health problem with serious consequences if the 
condition is undetected and thus untreated. Some prevalence 
estimates of congenital and acquired childhood HI will be 
briefly reported. 


Prevalence estimates 


The estimated prevalence of permanent childhood HI varies 
according to the definition and severity of the HI, the classifi- 
cation into conductive/sensorineural/mixed HI, the time of 
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onset, whether progressive or stable, whether unilateral or bilat- 
eral, and, in addition, the estimated prevalence rate may also 
vary as a function of country or local area (12,13). Prevalence 
estimates of congenital HI (40dB or greater for the average of 
0.5-4kHz) of 1 to 2 per 1000 live births are usually quoted 
based on clinical series of children included in hearing 
health-surveillance programs, which has been confirmed by 
UNHS (Table 14.1) (13,17). 

The hearing level is graded according to a scale such as 
mild, moderate, severe, and profound. However, other descrip- 
tors may be used and should be defined because no uniform 
internationally accepted criteria for description of the degree of 
hearing level exist. A comprehensive national study from the 
United Kingdom has been conducted, including 17,160 hear- 
ing-impaired children with permanent HI above 40dB for the 
averaged frequencies of 0.5 to 4kHz in the better hearing ear 
and born between 1980 and 1995. The hearing loss was moderate 
(41-70dB) in 52.9%; severe (71-95 dB) in 21.0%; and pro- 
found (>95dB) in 24.8%. (In 1.3%, the hearing loss was 
unspecified.) Among those with permanent childhood HI, a 
varying proportion of 7.7% to 25.2% with acquired or late- 
onset HI has been reported (18). 


Audiological assessment of children 


The hearing level in infants can be determined in the clinic by 
behavioural observation audiometry (BOA), conditioned ori- 
entation reflex (COR), and by visual reinforcement audiometry 
(VRA). The BOA includes stimulation with different sound 
sources with a more or less well-defined frequency content and 
a relatively well-defined stimulus intensity, which may be var- 
ied by distance and force applied to provide the sound. In coop- 
erative infants tested by experienced testers, the hearing level 
may be determined fairly reliably. However, in infants suffering 
from mental retardation, autistic behaviour or other additional 


handicaps, BOA is highly unreliable. The COR and VRA are 


Prevalence of HI based on the outcome of universal neonatal hearing-screening programs using a two-stage 


screening procedure with transient oto-acoustic emissions (TEOAE) and/or auditory brainstem response testing (ABR) 


Screened Confirmed HI Incidence (confidence Screening tests 
interval) 
N N N= 1/1000 
Prieve et al. (14) 43311 85 1.96 (1.74-2.19) TEOAE 
Messner et al. (15) 777) 9 1.56 (0.54-2.58). ABR 
Mehl and Thomson (16) 148240 291 1.96 (1.74-2.19) ABR/TEOAE 


Note: 95% confidence intervals are indicated in brackets. 


Abbreviations: ABR, automated brain-stem audiometry, HI; hearing impairment; TEOAE, transient oto-acoustic emissions. 
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important test procedures, and it has been shown that both reli- 
able air- and bone-conduction hearing thresholds can be deter- 
mined in infants using VRA (19,20). 

Several studies have shown that there is a difference 
between infant thresholds and those of older children over the 
frequency range of 500 to 4000 Hz, the difference being greater 
at the lower frequencies than in the higher frequencies, a con- 
sistent finding in free-field testing and under earphone testing 
(21). The poorer auditory sensitivity in infants compared to 
that in older children may have many explanations such as dif- 
ficulties in concentrating, inadequate motivation, poor fitting 
of earphones and, not the least, lack of developmental matura- 
tion and changes with age. However, it can be stated that 
behavioural hearing testing of infants performed by experienced 
testers—irrespective of the measurement procedure—can 
provide reliable information on the hearing sensitivity of 
infants/children unable to cooperate in formal pure-tone 
audiometric testing (22). 

From the age of three to four years, at least three pure-tone 
hearing thresholds can be obtained by motivational games 
ranging from peep shows to finger raising techniques, and at an 
age of six years, most normally developed children can perform 
formal audiometry as used in adults. 

In uncooperative children, and thus in most infants, vari- 
ous electrophysiological methods are used for hearing-threshold 
determination (23). In the clinic, ABR is used mostly due to its 
noninvasive nature and its high diagnostic sensitivity/speci- 
ficity. In recent years, the auditory steady-state response tech- 
nique has also been implemented in order to reliably predict 
pure-tone thresholds in infants. By using a combination of 
OAEs and ABR, auditory neuropathy—that may be related to 
genetic HI—can be diagnosed (24). 

Apart from the assessment of hearing thresholds, the 
measurement of speech recognition is important. Procedures 
independent of speech and language production have been 
developed, whereby the perception of specific speech features 
can be discriminated (21,25). Some tests or modification of 
tests use target words or objects to measure speech recognition 
in two- to four-year-old children and, in older children, word 
recognition scores can be used as part of a play situation. In 
general, the older the child, the better the opportunity to 
perform speech recognition tasks, thus giving important 
information on their hearing capacity. These also have the 
potential to distinguish between peripheral and central auditory 
disorders. 

Most HHI is sensorineural and to classify a HI as 
sensorineural, coherent air- and bone-conduction thresholds 
are essential. In addition, to classify HI in general, admittance 
audiometry including recording of stapedial reflex thresholds— 
often elicited by contralateral stimulation—should be part of 
the test procedure. The interpretation and diagnostic validity of 
stapedial-reflex-threshold testing in children are similar to the 
testing of adults, but the test may be difficult to perform in 
young children. Valuable information on site-of-lesion testing 
can also be obtained by electrophysiological methods, e.g., 
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electrocochleography may differentiate between a conduc- 
tive/sensorineural HI and a presynaptic or postsynaptic lesion. 
In general, age-appropriate procedures including a whole 
battery of tests should be used for both hearing-sensitivity 
determination and classification of HI into conductive/sen- 
sorineural/mixed hearing loss. The testing is dependent only on 
the degree of cooperation of the child and the experience of the 
tester. The progress made in the early detection of HI in infants 
by neonatal hearing screening over the past few years will force 
clinicians to provide accurate, reliable, and comprehensive 
audiological assessment of infants and young children. To avoid 
pitfalls and misdiagnosis, it is recommended that the testing be 
based on a firm protocol using cross-checks of procedures (26). 


Aetiological assessment of 
HI in children 


Although an audiological assessment may offer some informa- 
tion on the factor(s) causing HI in children—information often 
provided by thorough history taking and clinical examination 
including otoscopy—a systematic evaluation protocol based on 
an interdisciplinary approach should be offered to each child 
and their family. An example of such a protocol is outlined in 
Table 14.2 and evidence that such a protocol improves the aeti- 
ological evaluation has been provided (27,28). 


Table 14.2 Protocol for routine aetiological evaluation 


1) Thorough clinical evaluation 


2) Hearing-threshold determination (including that of parents, 
siblings, and other family members) 


3) Classification of the hearing impairment (i.e., site of lesion) 


4) Vestibular testing 


) 
) 
5) Ophthalmological assessment 
6) Computed tomography/magnetic resonance scanning 
) 


7) Blood testing: e.g., 


Viral antibodies (rubella, cytomegalovirus, HIV, and others) 
Bacterial antibodies (syphilis, toxoplasmosis, and others) 


Thyroid function (thyroid-stimulating hormone, 
triiodothyronine, thyroxine, and others) 


Cytogenetic testing (chromosomal abnormalities) 
8) Urine analysis 
9) Electrocardiogram 


10) Mutation analysis in Connexins (GBJ/2 and GBJ6) and other 
relevant genes such as WFS71 and SLC26A4 


11) Specific, e.g., perchlorate test 
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Table 14.3. Proportion of genetic factors causing permanent 
hearing impairment in children and “unknown cause" 
reported in various studies 

Unknown cause 


Studies (Ref.) Genetic factors 


(%) (%) 
Parving (29) 46 20 
France and Stephens (27) 50 31 
Maki-Torkko (30) 46 38 
Billings and Kenna (31) 25 25 
Fortnum (14) 30 49 


Table 14.3 shows the proportion of some factors causing 
permanent HI in children reported in various studies, but con- 
sideration here will be given to genetic factors. 

It has been estimated that more than 50% of permanent HI 
in children can be ascribed to genetic factors. However, as a 
proportion of 20% to 50% of hearing impaired children are cat- 
egorized as “unknown” (Table 14.3), genetic factors are assumed 
to account for a much higher proportion. Traditionally, genetic 
HI has been described according to the mode of transmission of 
the mutant gene in terms of autosomal dominant (accounting 
for approximately 10-25%), autosomal recessive (accounting 
for approximately 80%), and X-linked recessive (accounting for 
1-2%). However, developments in audiological genetics since 
1994 (32,33) and the initial sequencing and analysis of the 
human genome (34,35) has resulted in the localization of more 
than 100 genes related to both nonsyndromal and syndromal 
HI (ie., with other organ manifestations in addition to HI 
caused by the mutant gene in question); the previous propor- 
tions of subcategories according to the classical Mendelian 
mode of transmission may change in the future. Thus, it has 
been shown, for example, that mutations in the mitochondrial 
DNA can result in both syndromal and nonsyndromal HI (36). 

Although more than 100 gene mutations causing autoso- 
mal-dominant (DFNA) and autosomal-recessive (DFNB) 
nonsyndromal HI have been localised, only about 40 genes 
have so far been identified. There is, however, limited knowl- 
edge of the function of the genes relating to the mechanism of 
hearing such as the hair-cell transduction, the hair-cell synap- 
tic activity, the outer hair cell motor, the role of the tectorial 
membrane, the ionic environment of hair cells, and the mole- 
cules involved in the homeostasis of the endolymph and the 
perilymph (37). In addition, a potential phenotype/genotype 
correlation may be difficult to establish due to inadequate 
descriptions of either phenotypes or genotypes in journals 
related to audiology and genetics, respectively, which has led to 
guidelines for the description of genetic HI being proposed 
(38). In a recent sample of more than 1500 hearing-impaired 
individuals with biallelic GBJ2 mutations, with identification 
of 83 different mutations, a phenotype/genotype correlation 


was confirmed, showing that truncating mutations cause more 
severe HI than nontruncating mutations and that homozygous 
35delG mutations were the most frequent (39,40). Although a 
phenotype can be predicted from various GBJ2 genotypes with 
some degree of probability, it is still not possible—in the indi- 
vidual hearing-impaired child—to assess the genetic factor(s) 
causing the HI from the phenotype, unless the child appears 
with special features characteristic of a syndrome (41). 

It should be mentioned that, for nonsyndromal HI, mutant 
mouse models have provided useful insights into some of the 
functions of genes related to the inner ear (42) and much can 
be learned by studying shared developmental pathways in other 
organisms such as flies, worms, and yeast (43). 

Paediatric audiological services should offer children with 
sensorineural HI—irrespective of the degree of HI—testing for 
mutations in Connexin proteins because mutations in at least 
three Connexins have been implicated in nonsyndromal HI 
(GBJ2, GBJ3, and GBJ6). As mentioned above, the most fre- 
quent mutation is found in Connexin 26 encoded by the GBJ2 
gene, resulting in DFNB1 but has also been found responsible 
for DFNA3, thus resulting in both a recessive and a dominant 
mode of transmission of the mutant gene. As also mentioned, 
numerous mutations in Connexin 26 have been described, the 
most frequent being the 35delG mutation (44). Mutations in 
Connexin 26 result in sporadic and familial severe/profound 
prelingual HI (45,46) and account for about 50% of recessive 
and 10% to 25% of sporadic nonsyndromal HI in Southern 
European children. An evaluation from United States has 
shown that nearly 30% have Connexin 26-related HI with all 
degrees of HI (44) and thus it can be stated that mutations in 
Connexin 26 may result in all degrees of HI (39). 

Thus, it is recommended that all children under 18 years of 
age with bilateral, permanent, nonsyndromal sensorineural or 
mixed HI—irrespective of the level of impairment—for which 
there is no other explanation, should be offered testing. The 
initial testing should check for 35delG and/or the other most 
frequent mutations in the background population. Unless the 
first screening identifies mutations on both alleles, testing 
should go on to screening of the entire coding region and splice 
sites for mutations. In addition, the presence of GBJ6/Cx30 
deletions should be sought (47). 

As part of the protocol for diagnostic evaluation (Table 14.2), 
imaging techniques should be used in order to detect 
aplasia/hypoplasia and/or malformations such as enlarged 
vestibular aqueduct (EVA) and Mondini malformation (48,49). 
EVA and Mondini defects are often found in subjects with Pen- 
dred syndrome, a diagnosis previously depending on an abnor- 
mal perchlorate test. The syndrome is a recessive genetic 
hearing disorder. However, the clinical picture differs in many 
cases from the original description (50) of two sisters with 
congenital deafness and goitre developing during puberty. The 
gene responsible for Pendred syndrome has been located 
to chromosome 7q31 and designated PDS. The gene product, 
pendrin, is a transmembrane chloride-iodide cotransporter 
protein, probably essential for endolymphatic homeostasis. The 
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sensorineural HI may be fluctuant or progressive, ranging from 
mild to profound, and an EVA may be found by radiological 
examination, with the perchlorate test being negative. The 
diagnosis of Pendred syndrome (or DFNB4) in such cases 
depends on analysis of mutations in the PDS gene, where the 
most frequent mutation is the SLC26A4 (51). 

Ophthalmological examination is of utmost importance in 
order to assess visual acuity and to examine for involvement of 
structures in the eyes such as, e.g., retinitis pigmentosa found in 
Usher syndrome and differences in eye color as in, e.g., Waar- 
denburg type I syndrome. In addition, many other impairments 
of hearing are associated with eye manifestations (52). 

Systematic testing for mutations in known genes causing 
nonsyndromal HI as part of a diagnostic evaluation has not 
been performed in clinical series, but developments within mol- 
ecular biology and genetic testing may, in the future, lead to 
screening for numerous mutations related to HI by means of 
DNA chips. However, many other factors, apart from the diag- 
nostic evaluation, should be taken into account—factors such 
as the possibility for genetic counseling and the attitudes 
towards genetic testing for HI and deafness (53). This will result 
in improved diagnostic evaluation, improved counseling, and, 
ultimately, in prevention of genetic HI. 

In order to be updated on genetic HI as part of the diagnos- 
tic evaluation, the reader is recommended to consult the hered- 
itary hearing loss home page: http://webhost.ua.ac.be/hhh (54). 


Some future aspects 


Concurrent with the implementation of EDHI programmes, 
genetic testing may be of benefit to both the parents and the 
infant, because the genetic testing may reveal the cause of the 
HI and thus avoid numerous other aetiological investigations in 
the child. As previously mentioned, it is recommended that all 
children identified with sensorineural HI be tested for Con- 
nexin 26 mutations (47), but genetic testing may be part of 
screening in combination with screening for other diseases such 
as congenital hypothyroidism and various other inborn errors of 
metabolism using the blood spots obtained in the Guthrie cards 
(55). Thus, when confirming reduced hearing sensitivity of the 
child, the aetiological diagnosis may already be known. How- 
ever, as part of the general screening in the neonatal period, 
there are disadvantages to this procedure, the costs and also 
problems arising from the identification of potential carriers 
and how to share this information with parents of unaffected 
infants being not the least of them (56,57). Thus, at present, it 
seems most appropriate to perform the diagnostic evaluation 
after the identification of the HI, although this may change in 
the future. Testing after the identification of HI should also take 
the attitudes of many deaf and hard-of-hearing people into 
account because especially the deaf community welcomes deaf- 
ness not as a disease or handicap but as an integral part of their 
identity (58). Cause finding, offered as a postidentification pro- 
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cedure, can then be a choice for the parents, meeting the his- 
torically negative perception of the medical community among 
the Deaf who consider the medical community as trying to 
“treat” an “inability.” Some recent surveys have shown that 
members of the Deaf community have a predominantly nega- 
tive attitude toward genetic testing for deafness (59,60), but it 
should also be mentioned that about 90% of parents of hearing- 
impaired children with normal hearing, who understand 
the problem of Hl/deafness, consider genetic testing as an 
improvement and support it (61). To further clarify these prob- 
lems, additional surveys need to be performed including Deaf 
communities and parents of hearing-impaired children from 
many different countries, reflecting different social and cultural 
backgrounds. 


Conclusions 


For the identification and audiological assessment—and as part 
of surveillance and support programs offered to children with 
HI, hereditary or not—it is recommended that age-appropriate 
and reliable hearing tests be used, and when the HI has been 
documented, a systematic evaluation of the aetiological factors 
causing the HI be performed. This evaluation should be con- 
sidered as a process in which every due caution should be taken 
with the individual child. 

As a result of future diagnostic procedures, factors causing HI 
will be detected and recognised and, with the implementation of 
early detection programmes, including genetic testing for known 
mutations related to HI, HHI will also be diagnosed. This will 
ultimately render possible primary and secondary prevention of 
HHI in children. To meet this challenge, a formal collaboration 
between geneticists and audiologists must be established. 


can offer 


Why perform genetic testing in 
hearing impairment? 


Genetic testing in both children and adults with hearing loss can 
be very helpful to patients and their families. DNA analysis can 
make it possible to identify the molecular basis of nonsyndromal 
hearing impairment (NSHI), for which an accurate genetic diag- 
nosis is impossible on the basis of clinical features alone. 
Moreover, syndromal forms that lack the typical clinical features 
in childhood or present atypically can also be identified through 
molecular testing. Even when the test result does not lead to spe- 
cific decisions on management or reproductive options, much 
clinical genetic experience underlines the benefit to families of 
knowing the cause of a condition. A clear genetic diagnosis puts 
an end to the searching and questioning over what went wrong 
and whether somebody is to blame and allows the family to move 
on. It is clear that with the widespread implementation of new- 
born hearing screening, the demand for genetic testing will 
increase significantly (1). Considering the current lack of guide- 
lines for follow-up testing and the variability of implementation, 
for the next few years, a decision on whether or not to perform 
genetic testing will depend mainly on the audiological physician 
or ENT clinician. This will require familiarity with the molecu- 
lar diagnostic options available and the probability of each 
individual assay being able to find causative mutations. 

Molecular genetic testing is minimally invasive. It can 
often be performed on a very small amount of blood obtained 
through venepuncture or from a neonatal blood spot card or on 
a cheek brush sample or even saliva. With each passing year, 
DNA testing becomes more comprehensive and relevant 
through the implementation of new diagnostic technologies 
and increasing knowledge about the genes involved and their 
spectra of mutations (2). Finally, as genetic testing for hearing 
loss becomes more widely accepted and available, genotype— 
phenotype correlations can be made more reliably and the 
physical effect of individual mutations, or combinations of 
mutations, can be predicted with greater confidence. 

Once the cause of hearing loss has been identified, genetic 
counselling can be more specific. Matters covered may include 


What genetic testing 


the chance of recurrence in a future pregnancy, the expected 
course (progressive vs. nonprogressive, possible eventual 
involvement of other organs or systems), and an evaluation of 
the pedigree to assess which other family members may poten- 
tially benefit from the same test. In some cases, the DNA diag- 
nosis may affect the type and timing of treatment, with 
potentially major benefits to the patient. 

Thus, summarising, molecular diagnostic testing has revo- 
lutionised the ability of clinicians to provide insight into the 
aetiology of hearing impairments. State-of-the-art molecular 
testing is now available for the most common causes of heredi- 
tary hearing impairment. In addition, family studies can be per- 
formed for less common causes of hearing impairment. The 
benefits of genetic testing include the following: 


Providing an accurate diagnosis of the aetiology of the hear- 
ing impairment 

Avoiding the need for more expensive and invasive testing 
Providing the basis for prognostic information about future 
hearing 

Giving direction and improving genetic counselling 
Defining new guidelines for treatment 


What is genetic testing? 


Genetic testing is the process by which our unique genetic code 
(the sequence of A, G, C, and T nucleotides that make up our 
DNA) is examined to discover the cause of a particular genetic 
disorder. It is estimated that humans have about 24,000 genes, 
and several thousand of these may be involved in enabling the 
sense of hearing to function. Most will also have other 
functions, but some will function specifically in the hearing 
mechanism. Mutations in genes required exclusively for hearing 
are likely to cause NSHI, while those that are also performing 
other functions may cause syndromal hearing loss when 
mutated. Evidence from family studies suggests that at least 100 
genes may, when mutated, cause NSHI. To date, mutations in 
some 50 different genes have been identified as causes of some 
cases of NSHI. 
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Any one genetic test focuses on one particular small seg- 
ment of DNA and asks if it has any sequence variant that might 
be pathogenic. The central problem in genetic testing is seeing 
this one small piece of DNA of interest—typically a few hun- 
dred base pairs—against a background of the huge amount 
(6 X 10° base pairs) of irrelevant DNA in every cell. There are 
two general solutions to this: 


Selectively amplify the sequence of interest to such an extent 
that the sample consists largely of copies of that sequence. 
Pick out the sequence of interest by hybridising it to a match- 
ing sequence that is labelled, e.g., with a fluorescent dye. 


In the past, selective amplification was achieved by cloning 
the sequence into a bacterium, but nowadays, the “polymerase 
chain reaction” (PCR) is universally used. For details of this 
technique, see SGR2 Section 6.1 (Basic features of PCR; see 
Bibliography); for present purposes, it suffices to know that PCR 
allows the investigator to amplify any chosen sequence of up to a 
few kilobases (1000 base pairs) to any desired degree in a few 
hours. All that is necessary is to know a few details of the actual 
nucleotide sequence that is to be amplified and to order some spe- 
cific reagents (PCR primers) from one of the firms that custom- 
produce these. Almost all genetic testing involves PCR, although 
some companies make kits based on alternative methods, mainly 
to avoid the royalty payments required of users of the patented 
PCR process. The major limitation of PCR is that it can only be 
used to amplify sequences of, at most, a few kilobases. It is not 
possible to PCR-amplify a whole gene (average size 27 kb), still 
less a whole chromosome (average size 100,000kb). 

“Hybridisation” depends on the fact that the two strands of 
the DNA double helix can be separated (“denatured”) by brief 
boiling, and when the resulting single-stranded DNA solution 
is cooled, each Watson strand will try to find a matching Crick 
strand. If a dye-labelled single strand corresponding to the 
sequence of interest (a “probe”) is added, some of the test DNA 
will stick to the probe, and by using the label, it can be isolated, 
followed, or characterised. Hybridisation was important in 
the now largely obsolete technique of Southern blotting and 
has regained importance as the principle behind microarrays 
(“gene chips”). 

Various applications of PCR and/or hybridisation make it 
relatively straightforward to check any predetermined short 
stretch of a person’s DNA—but the key word is “short.” As 
described in Chapter 1, the coding sequence of almost all genes 
is divided into short segments called exons, which are spaced out 
along the DNA of a chromosome. Genes can have any number 
of exons, from 1 to over 100. In general, each exon of a gene 
must be the subject of a separate PCR amplification and check 
on its sequence. When DNA is sequenced, a maximum of 
around 500 to 700 bp can be sequenced in a single test. Details 
of how these methods work are given in SG@R2 Sections 6.3 
(DNA sequencing) and 17.1 (Direct testing is like any other 
pathology laboratory investigation a sample from the patient is 
tested to see if it is normal or abnormal) but the key point 
to appreciate is that our ability to answer questions about a 


person’s DNA depends crucially on the precision with which the 
question is posed. 

DNA technology is developing very fast. Sequencing and 
genotyping become cheaper every year and new technologies 
allow both to be done on scales that were unthinkable a few 
years ago. Some companies claim to be developing methods 
that would allow a person’s entire genome to be sequenced in a 
few days for a few thousand dollars. Optimists and pessimists 
alike dream of the day when everybody’s complete genome 
sequence will be stored in vast databases—they differ only in 
their reaction to this prospect. Among all this heady talk, it is 
important to remember that DNA analysis can reveal only 
those things about us that are genetically determined. 


When should genetic testing be 
performed? 


It would be tempting to ask the laboratory to determine 
whether a patient has any genetic cause for his/her hearing loss, 
and whether this can be tested at a molecular level. But such a 
general question is unanswerable in any diagnostic setting—it 
might well be too challenging even for a PhD project. The 
problem is the great heterogeneity of genetic hearing loss. 
Genetic heterogeneity takes two forms: 


“Locus heterogeneity” is where the same clinical condition 
can be caused by mutations in any one of a number of 
genes. NSHI is a prime example. 

“Allelic heterogeneity” is when a condition is caused by muta- 
tions in one particular gene, but different unrelated patients 
have different sequence variants in that gene. Some forms of 
syndromal hearing impairment fall into this category. 


All too often, both forms of heterogeneity are present. As 
mentioned above, our ability to answer questions about a 
person’s DNA depends crucially on the precision with which 
the question is posed, and genetic heterogeneity is the major 
factor limiting the applications of genetic testing in hearing 
impairment. 

Ideally, the laboratory should be asked to check for the 
presence or absence of a specific mutation (sequence variant) in 
a specific gene. Any one of a variety of PCR-based methods 
allows such a question to be answered efficiently and cheaply in 
a few hours. The main circumstance in which it is possible to 
ask such a specific question is if somebody is being tested to see 
if they have inherited a mutation that has already been defined 
by the study of other family members. Additionally, there are 
some diseases that depend on such a specific pathogenic mech- 
anism that they can only be caused by one specific DNA 
sequence change. Sickle-cell disease and Huntington disease 
are examples. The nearest approximation to this in hearing 
impairment is a specific mutation (g.1555A >G) in the DNA 
of the mitochondria that leads to extreme sensitivity to the 
ototoxic effects of aminoglycoside antibiotics. 


Although NSHI shows extreme genetic heterogeneity, many 
patients with autosomal recessive NSHI carry mutations in the 
GJB2 gene, which encodes the protein Connexin 26 (DFNB1 
locus). The actual percentages vary markedly, on the basis of the 
ethnic origin of the tested individuals, but in southern Europe, in 
particular, more than half of all affected individuals have muta- 
tions in this gene. Moreover, specific GJB2 mutations are common 
in different populations. In Caucasians, the c.35delG mutation is 
the most prevalent, with a high carrier frequency demonstrated in 
Estonia and in all Mediterranean countries; in Ashkenazi Jews, 
the most prevalent mutation is c.167delT while most East Asian 
cases carry the c.235delC mutation. Gypsies are another popula- 
tion group with their own common mutation in GJB2. 

A large variety of molecular diagnostic assays are available 
to test the GJB2 gene. Many of these are tests for specific muta- 
tions, but multiplexed so that a number of different mutations 
are checked in a single operation. Allele-specific assays such as 
PCR followed by restriction enzyme digestion, allele-specific 
PCR, primer extension, or real-time PCR are all relatively fast, 
cost effective, highly sensitive, and specific. The mutation 
panel needs to be appropriate for the population being tested. 
Although these allele-specific methods are widely used and can 
be appropriate, testing that checks only for the most common 
GJB2 mutations is often too limiting to find the full comple- 
ment of mutations in the majority of patients. The GJB2 gene 
is fairly simple to analyse exhaustively because it is small 
and has only two exons. Direct DNA sequencing allows the 
detection of almost all point mutations, small deletions, and 
insertions and is ideal for this small gene. Due to recessive 
inheritance, two pathogenic mutations are expected in order to 
make the molecular diagnosis with certainty (3). GJB2 plays a 
prominent role in the aetiology of NSHI and its analysis should 
be the first step in molecular diagnostic testing. 

It is important to note that when only one GJB2 mutation 
can be identified, despite sequencing both copies of the whole 
gene, the hearing loss may be due to other causes and the indi- 
vidual may be a coincidental carrier of a GJB2 sequence variant. 
This is not a rare occurrence, especially for the common muta- 
tions, which have a high carrier frequency in the general popu- 
lation. Before reaching this uncertain conclusion, however, it is 
preferable to investigate whether a large deletion in the adjacent 
GJB6 gene (which encodes the protein Connexin 30) is present. 
This has been shown to be quite a common cause of NSHI, in 
conjunction with a single GJB2 mutation or occasionally in 
homozygous form (4). The high carrier rate in the general 
population also explains the occasional examples of “pseudo- 
dominant” inheritance, where autosomal recessive NSHI occurs 
in two or more generations of a family—such a pedigree pattern 
is a strong indication for testing the GJB2 and GJB6 genes. 
Finally, we should note that extensive phenotype—genotype 
studies have shown that it is possible to broadly predict the hear- 
ing impairment associated with GJB2 mutations on the basis of 
the specific genotype (5). In conclusion, genetic testing of the 
GJB2 gene and the GJB6 gene should be considered in the 
evaluation of all individuals with congenital NSHI. 
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Locus heterogeneity poses a major problem for current test- 
ing technologies. With syndromal hearing impairment, it is 
often possible to define a single candidate gene: EYAI for 
branchio-oto-renal syndrome, PAX3 for type 1 Waardenburg 
syndrome, TCOFI for Treacher Collins syndrome, and so on. 
Nevertheless, even for well-defined syndromes, there is often 
some degree of locus heterogeneity; for example, type 1 Usher 
syndrome can be caused by mutations in any one of at least 
eight genes. For NSHI, either dominant or recessive, locus het- 
erogeneity is a serious obstacle. Family studies of dominant 
NSHI have confirmed that, as with recessive loss, heterogene- 
ity is high, but unlike in autosomal recessive NSHI, no single 
gene has been identified that is responsible for a high propor- 
tion of cases. 

Occasionally, careful examination can provide a pointer to 
a candidate gene: 


Mutations in WFS1 are found in 75% of families in which 
autosomal dominant NSHI initially affects low frequencies 
while sparing high frequencies. 

Mutations in SLC26A¢4 are associated with inner-ear defects 
(enlarged/dilated vestibular aqueduct and Mondini dysplasia). 


Detection of these temporal bone anomalies by computed 
tomography examination should prompt consideration of mol- 
ecular genetic testing. SLC26A4 mutations cause Pendred syn- 
drome but can also cause nonsyndromal recessive hearing 
impairment (DFNB4 locus). SLC26A4-related hearing impair- 
ment is likely to be underdiagnosed at present. Molecular test- 
ing of this gene should be considered in unresolved cases, 
especially in conjunction with imaging studies. 

Allelic heterogeneity, creating the need to scan an entire 
gene for mutations that might be anywhere, is more or less of a 
problem depending on the size and complexity of the gene. For 
mutation scanning, direct DNA sequencing is considered the 
gold standard, but it has the disadvantage of potentially missing 
deletions of entire exons or genes; also the cost is significant, and 
the interpretation is complex and relatively labour intensive. 
Other screening methods such as, for example, denaturing high 
performance liquid chromatography can be used to provide a 
quick initial screen and reduce the sequencing load. Sometimes 
a two-stage protocol can be used: the majority of SLC26A4 
mutations are clustered in 4 of the 20 coding exons, so costs can 
be contained by first analysing the commonly affected exons and 
analysing the remaining part of the gene only when necessary. 

Many other genes, when mutated, cause hearing impair- 
ment and a similar approach can be used: allele-specific tests for 
a limited panel of mutations, if the epidemiology justifies this, or 
systematic sequencing of the gene to search for any mutation. 
Inherited diseases, in general, including genetic hearing impair- 
ment, belong to two different groups according to the number of 
mutations present in the causative gene/s: those characterised by 
high allelic heterogeneity and those for which one or few com- 
mon alleles have been detected (due to founder effect or muta- 
tional hot-spot). In the first case, it is necessary to screen each 
patient for a large number of mutations, while in the latter case, 
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it could be more useful to have a testing technology able to 
analyse a large number of individuals for the same mutation. 
Although molecular genetic testing is available for a num- 
ber of other genes implicated in hearing impairment, the large 
size of many genes (MYO7A, MYOI5, MYO6, MYH14, etc.) 
and their low relative contribution to hearing impairment 
(OTOF, HDIAI, TECTA, COCH, POU4F3, etc.) make it 
impractical to offer such testing on a clinical basis at this time. 
Updated information on tests available can be obtained 
through the Gene Tests website (http://www.genetests.org/) (6). 


New approaches for 
genetic testing 


Genetics and molecular medicine have an expanding need for 
technologies that allow rapid genotyping, mutation analysis, 
and DNA sequencing. The keys to high throughput screening 
lie in miniaturisation, parallelisation and automation. Conven- 
tional methods for mutation detection, such as direct sequenc- 
ing, single strand conformation polymorphism, denaturing 
gradient gel electrophoresis, or chemical cleavage are labour 
intensive (7) and handle only one or a few samples at a time. A 
promising alternative technology uses oligonucleotide microar- 
rays. Microarray assays are based on nucleic acid hybridisation 
(8-10) or hybridisation coupled with an enzyme-mediated 
reaction (11-13). One of the most currently successful and 
widely used variants of this technology is arrayed primer exten- 
sion (APEX) (14). An array of oligonucleotides is immobilised 
on a glass surface. DNA from individuals to be investigated is 
amplified by PCR, digested enzymatically, and annealed to the 
immobilised primers. A DNA polymerase is then used to extend 
each primer by adding a single modified nucleotide. The 
modified nucleotides are dideoxynucleotides, ensuring that the 
polymerase reaction can add only a single nucleotide to each 
primer, and the four dideoxynucleotides each carry a different 
fluorescent label. After the primer extension reaction, a muta- 
tion is detected by a change in the colour code of the primer 
sites. APEX arrays have been developed for detection of 
mutations in several genes such as B-globin and the TP53 
tumour suppressor (15,16). It is also possible to invert the tar- 
get and probe configuration by arraying aminomodified PCR 
products on slides, so as to check for the same mutation in a 
large number of samples. Very recently, Asper Biotech Ltd. 
(Tartu, Estonia) has developed a highly sensitive and specific 
assay that addresses multiple mutations in multiple genes 
causative for hearing impairment. It evaluates a panel of 
hundreds of mutations underlying sensorineural (largely 
nonsyndromal) hearing impairment in a series of genes includ- 
ing GJB2, GJB6, GJB3, GJAI, SLC26A4, SLC26A5, and the 
mitochondrial genome. Because the spectrum of mutations 
checked is much larger than most laboratories currently offer, 
the APEX microarray could possibly double the current 
mutation detection rate. The assay is robust, relatively inex- 
pensive, and easily modifiable. 


The APEX technique belongs to the category of passive 
methodologies, which have an intrinsic limit to the degree to 
which hybridisation speed and selectivity can be improved. 
Recently, “active” microelectronic chip devices that use electric 
fields have been developed (Nanochip from Nanogen). They 
facilitate (i) the rapid transport and selective addressing of 
DNA probes to any position or test site on the array surface; (ii) 
acceleration of the basic hybridisation process; and (iii) the abil- 
ity to rapidly discriminate single base mismatches in target 
DNA sequences. These new “active” devices will further 
improve the use of micro devices in diagnostics and help in 
screening large numbers of individuals at a low cost and with 
great accuracy. An example of Nanochip results is given in 
Figure 15.1, in which the detection of a common polymorphism 
(M34T mutation) within the Connexin 26 gene is reported. 

Finally, another example of an array-based hearing impair- 
ment assay is a gene chip capable of holding 28,000 anchored 
oligonucleotide probes. This array allows rapid screening of nine 
genes and is being developed on the Affymetrix platform 
(Affymetrix Corp.) A validation study of this approach is ongoing 
at Cincinatti Children’s Hospital Medical Center in collabora- 
tion with Harvard Partners Group in Boston (17). Although it is 
hard to predict exactly which technologies will emerge as domi- 
nant over the next decade, we can be fairly confident that the 
extensive locus and allelic heterogeneity of NSHI will steadily 
become less of an obstacle and will allow the benefits of genetic 
testing to be much more widely disseminated. 


F 
I 
u 
o 1000 
r a00 SS 
e a Probe 1 
S$ 600 a Probe 2 
= | 
e 400 
nN 200 
c 
e 0 

N N M34T M34T 

homo heter 
Figure 15.1 


BTA Pharmacotherapy 
of the inner ear 


Introduction 


The auditory system seems better equipped to deal with injuries 
in lower species than in mammals. In fish and amphibians, the 
inner ear will produce new sensory cells (hair cells) throughout 
their life and, consequently, injured cells can be replaced contin- 
uously. Birds lose this ability during embryonic development, but 
possess the capacity to replace the injured sensory cells by regen- 
eration and thus maintain hearing function. In contrast, mam- 
malian hair cell loss has always been considered irreversible. 

The mechanism of cell death in the cochlea is produced in 
two ways: through “necrotic cell death” mediated by very loud 
noise, or “apoptosis,” mediated by the activation of cysteine 
protease family within the cells, the caspases [very loud noise can 
also induce immediate apoptosis (1)]. Originally these mecha- 
nisms, necrosis versus apoptosis, were thought to operate with 
different initiators (as an extrinsic cellular pathway and an intrin- 
sic cellular pathway, respectively), but it may be assumed that 
these mechanisms are more or less under statistical control in that 
dependent on the characteristics of the stimulus the extent of cell 
death and damages is brought about by one of these two major 
mechanisms. Each of these mechanisms provides the possibility to 
reduce and, in some cases, to prevent cochlear cell death through 
active intervention with pharmacotherapy. 

Recently, many researchers have investigated the role of 
antioxidant agents in different models of peripheral hearing 
disorders. It has been found that antioxidants protect the 
cochlea from noise-induced trauma, as well as cisplatin and 
aminoglycoside exposure (2-4). Van De Water et al. recently 
suggested that protection of auditory sensory cells from cisplatin 
is carried out at the molecular level by three mechanisms: pre- 
vention of reactive oxygen species (ROS) formation; neutralisa- 
tion of toxic products, and blockage of apoptotic pathways (5). 

Several genes regulate the differentiation of cochlear hair 
cells and supporting cells from their common precursor cells 
during mammalian embryogenesis. Recent experiments have 


provided new and exciting information about the processes 
related to inner ear damage. For example, in the mammalian 
vestibular system, hair cell regeneration has been shown to occur 
under certain circumstances (6). The situation in the auditory 
system is less clear. There is evidence of hair cell regeneration in 
newborn mice given explants of cochlear duct (7) and in replac- 
ing the damaged hair cells by converting the supporting cells (8). 
A key gene is Atohl (also known as Math1). This is the mouse 
homologue of the drosophila gene atonal that encodes a basic 
helix-loop-helix transcription factor (9). Overexpression of 
Atoh1 in nonsensory cells of the normal cochlea generates new 
hair cells, both in vitro and in vivo. Atoh] has been shown to act 
as a “prohair cell gene” and is required for the differentiation of 
hair cells from multipotent progenitors. Recently, Izumikawa 
et al. (2005) demonstrated that in mammals by using gene ther- 
apy, the lost hair cells will regenerate and that hearing may be 
returned to the profoundly deaf mammalian ear (10). This find- 
ing opens new perspectives for the treatment of hearing loss and 
justifies the efforts to encapsulate nucleotides encoding the Math] 
gene within the nanostructures for the treatment of deafness. 

In addition, a moderate degree of spontaneous recovery of 
hearing after noise trauma has been observed in humans, implying 
that humans may also have the capacity to regain hearing function 
(11). However, the mechanisms behind the recovery have not yet 
been fully delineated. There is, however, substantial evidence that 
cochlear damage induced by noise can be prevented by the appli- 
cation of different pharmacologically active substances (12). Thus, 
there are grounds to expect that hearing disorders in mammals 
may, under certain circumstances, be successfully treated. 

Drugs can reach the inner ear by systemic application 
(orally, intravenously, or via the cerebrospinal fluid) or locally 
[from the middle ear over the round window membrane 
(RWM) through permeation, direct injection through the 
RWM or the oval window, and also with an osmotic pump by 
passing through the lateral wall of the cochlea]. However, not 
all of these approaches are clinically possible. 
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Mechanisms of noise-induced 
hearing loss 


Normal auditory stimulation elicits pressure differences across 
the cochlear partition causing a number of mechanical events 
within the organ of Corti: vibrations, shearing motion, and 
deflection of the stereocilia (13). The end result is excitation of 
the outer and inner hair cells and, following release of trans- 
mitter substances, increased activity in the cochlear nerve. The 
outer hair cells are activated and react in a linear manner to 
sinusoidal sound stimulation with one impulse to one sinusoid 
up to 1000Hz. At higher frequencies, other mechanisms are 
involved in coding the amplification of the signal. These are 
not known in detail. 

Assisting the tight coupling between the tectorial mem- 
brane and the basilar membrane, the tips of the stereocilia of 
the outer hair cells are buried within the tegmentum. The con- 
tractions of the outer hair cell bodies amplify the basilar mem- 
brane vibration and transduce the vibration to shear forces that 
will activate the inner hair cells. The perceived and actively 
enhanced basilar membrane vibration is transmitted into the 
central auditory system and is perceived as sound. The role of 
the supporting cells is not clear yet but they may serve as a sup- 
porting organ to provide stability and damping of excessive 
vibration. Damage to the cochlea may also lead to hyperacusis 
and we hypothesise that this symptom may be linked to sup- 
porting cell damage (Fig. 16.1). 

Obviously, noise or excessive auditory stimulation will 
elicit shear forces in the cochlea but at much larger amplitudes. 
There are two fundamentally different ways by which overstim- 
ulation may lead to cochlear injury: mechanical or metabolic 
(14). Intense noise exceeding 125dB sound pressure level 
(SPL) in animal experiments leads to large amplitude vibration 
that may mechanically alter or disrupt cochlear structures caus- 
ing mechanical damage to cell membranes and nerve endings 
and disturb the blood circulation. Cellular distortion, disorgan- 
isation of the stereocilia, and possible rupture of cell membranes 


Figure 16.1 Schematic drawing of organ of Corti. Abbreviations: BM, basilar 
membrane, DC, dieters cells; IHC, inner hair cells; OHC, outer hair cells; PC, pillar 
cell; ST, stereocilia; TM, tectorial membrane. 


disable the cochlear fluid barriers and will cause immediate 
reduction of auditory sensitivity (15). 

At SPLs of less than 125 dB, sound-induced overstimula- 
tion and overactivity of the cochlea can result in disturbed 
cochlear homeostasis and subsequent functional impairment in 
the absence of direct and immediate mechanical damage. 
Experimental evidence suggests a critical level about 125 dB 
SPL, at which the cause of damage changes from predominantly 
metabolic to mechanical (16). Thus, at moderate SPLs, damage 
would mainly be caused by metabolic mechanisms while at 
higher levels, mechanical mechanisms would predominate. As 
changes in homeostasis may also occur in mechanical trauma 
and the effects of metabolic stress are also likely to be expressed 
as mechanical damage, it is not meaningful to make a strict sep- 
aration between metabolic and mechanical causes of noise- 
induced hearing loss. 

When the metabolic and/or mechanical stress is too large, 
the cells will die and a permanent hearing loss results. Cell 
death is a result of either apoptosis or necrosis. Apoptosis is a 
strictly controlled process to eliminate dysfunctional cells with- 
out affecting the surrounding tissue. It can be viewed as a coun- 
terbalance to cell division, and a disturbance may, for example, 
result in degenerative disorders or tumour growth. Necrosis on 
the other hand is a more passive type of cell death, involving a 
rapid and disorganised breakdown of a cell, often as a conse- 
quence of acute trauma (toxic substances, ischaemia, etc.). As 
the cell contents are released directly into the surrounding tis- 
sue and an inflammatory reaction usually follows. Thus, for the 
organism, apoptosis is the preferred method when it is necessary 
to eliminate cells. In the auditory system, there is no conclusive 
evidence that apoptosis does play a significant role. Structural 
observations of DNA fragmentation may suggest the involve- 
ment of either apoptotic or necrotic mechanisms during peri- 
and postnatal development of the inner ear (17). A recent 
study on autopsy materials from subjects with no history of 
acoustic trauma suggests that apoptosis does not contribute sig- 
nificantly to the regulation of the cell population in the normal 
adult inner ear (18). Nevertheless, apoptosis may be involved 
during noise-induced trauma, although there is to date no direct 
evidence in humans. 

Changes in cochlear blood flow have generally been sug- 
gested as contributing to noise-induced hearing loss (19). 
Recent findings have clearly demonstrated noise-induced alter- 
ations in the cochlear microcirculation causing local ischaemia 
(20). The effect varies with the intensity and duration of the 
exposure, but when vascular insufficiency is manifest, the 
reduced oxygen and energy supply to the cochlea and the 
accumulation of metabolites will be accompanied by severe 
functional alterations. It has been shown experimentally that 
applying drugs blocking vasoconstriction prevents a noise- 
induced microcirculatory disorder and maintains normal hear- 
ing (21). However, the exact role of local blood flow alterations 
is unclear and it should be noted that it has been observed that 
hearing loss and cochlear hypoxia may actually precede changes 
in cochlear blood flow (22). 
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Figure 16.2 Schematic drawing representing the necrotic and apoptotic cell 
death mechanisms, as excitotoxicity caused by glutamate. 


There are several mechanisms leading to cellular damage 
after acoustical overstimulation (Fig. 16.2). The damage can be 
repaired or can be irreversible leading to cell death. Some of the 
mechanisms are mainly related to metabolic changes, e.g., 
oxidative stress, synaptic hyperactivity, and altered cochlear 
blood flow, while others are predominantly mechanical. It is 
likely, however, that the resulting damage to the auditory sys- 
tem is partly mediated by similar mechanisms irrespective of the 
cause. Although definite evidence of a common final pathway 
is missing, experimental data suggest that free radicals and other 
highly reactive endogenous substances play a significant role in 
noise-induced hearing loss. 

The mechanisms causing cell death through necrosis are 
fundamentally different from those in apoptosis. Table 16.1 
summarises the differences. The apoptotic mechanism is, in the 
developmental stage and in some disease stages, such as in can- 
cer or granulomatous infection (for example in tuberculosis), a 
normal and vital part of life. With these mechanisms, the body 
shelters from infection, eliminates small tumours, and controls 
the growth of larger tumours. 


Apoptotic mechanisms and 
free radicals 


It is well known, from other biological systems, that reactive 
oxygen metabolites (ROMs) are important mediators of cell 
injury. ROMs are free radicals or other molecules, which have a 
chemical structure, making them extremely reactive. As they 
react very easily with cellular components such as lipids, 
proteins, and DNA, they are potentially cytotoxic. ROMs are 
produced continuously as part of normally occurring reactions, 
e.g., in the mitochondria. However, protection is offered by 
several endogenous antioxidants. These are either enzymes 


Pharmacotherapy of the inner ear 221 


Table 16.1 
Apoptosis 


May happen under both 
physiological and 
pathological conditions 


A gene-directed process 


An energy-dependent process 


Protein synthesis Is increased 


ATP content is normal 
Single cell involved 


A delayed degeneration 
process 


Cellular shrinkage 
Organelles are intact 
Chromatin condensation 
Late membrane damage 


Does not cause inflammation 


Comparison between apoptosis and necrosis 


Necrosis 


Only happens under 
pathological conditions 


Not a gene-directed process 


Not an energy-dependent 
process 


Protein synthesis is 
decreased 


ATP content is decreased 
Several cells involved 


An immediate degeneration 
process 


Cellular oedema 
Organelles are destroyed 
Chromatin destruction 
Early membrane damage 


Causes inflammation 


Abbreviation: ATP, adenosine triphosphate. 


catalysing reactions to neutralise the ROM, or scavengers bind- 
ing them. When there is an imbalance between the production 
of ROMs and the endogenous protective mechanisms, the tissue 
is under oxidative stress. Increased ROM production can cause 
cell death, whereas overactive protective mechanisms may lead 
to tumour growth. In the auditory system, there are several 
reports demonstrating both elevated levels of either ROMs or 
antioxidants following noise exposure (23), and reduced hearing 
loss by treatments increasing the antioxidant level (24). 

The key element in apoptosis is the caspase-induced cell 
death pathway. Caspases consist of a family of cysteine proteases 
that are present in the cells in an inactive form. In short, when 
the cell is damaged, a lethal chain reaction occurs that is trig- 
gered by activation of Bax gene. In the reaction, apaf-1 inter- 
acts with cytochrome C that is located on the mitochondrial 
surface, the complex interacts with procaspase-9 (a complex 
called to apoptosome) that cleaves and results in the caspase-9 
that finally activates the caspase-3 through cleavage of some 
other procaspases. The “killer” caspase-3 reacts with the mito- 
chondrial membrane and causes membrane lysis by liberating 
the lysosome enzymes from the cell leading to degradation of 
DNA and the proteins and disintegration of the cell (Fig. 16.3). 

There are today 14 members of caspase family, but not all 
members of caspase family participate in the apoptosis, as 
caspase-1 and -11 function in the regulation of cytokines. The 
initiator includes caspase-9 and -8 and the effector includes 
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Figure 16.3 A diagram showing activation of caspase pathway in the final 
apoptotic pathway leading to disintegration of the cell. 


caspase-3, -6, and -7. The initiation of the caspase reaction can 
be regulated by the external cell death receptor pathway 
through the Fas ligand—receptor activation or through the 
intrinsic cell death pathway [the mitogen-activated protein 
kinase (MAPK)/Jun N-terminal kinases (JNK) pathway]. Both 
these pathways trigger responses that lead to final stage activa- 
tion of caspase-3 that acts as the executioner molecule for the 
cell. Nevertheless, caspase-3 appears to participate in the nor- 
mal development and maturation of the membranous labyrinth 
and its cochleovestibular ganglion, so that a loss of function 
mutation of the gene for caspase-3 could result in maldevelop- 
ment of the inner ear and a hearing deficit. 


ROS and the caspase-induced cell 
death pathway 


Oxidative stress is a key factor in apoptosis with the creation of 
ROS and other free radicals (e.g., hydroxyl radical), which acti- 
vate the apoptotic pathway through cellular mechanisms that 
are linked to caspase activation (5). These ROS and other rad- 
icals damage the affected cell’s organelles and internal mem- 
branes resulting in mitochondrial membrane damage and a loss 
of the membrane potential. This loss of mitochondrial mem- 
brane integrity results in a release of cytochrome C from the 
damaged mitochondria into the cytoplasm. Once cytochrome 
C enters the cytoplasm, it combines with a facilitating molecule 
termed apoptotic protease-activating factor-1, dATP (an 
energy-supplying molecule), and procaspase-9 to form the 
apoptosome (also known as the aposome), which cleaves pro- 
caspase-9 and generates activated caspase-9 (25). A small mito- 
chondrial “proapoptosis molecule” facilitates apoptosis of an 
affected cell by inhibiting some of the damaged cell’s naturally 
occurring caspase-inhibitory molecules (e.g., NIAP-neuronal 
inhibitor of apoptosis protein). Once procaspase-9 has been 
activated, its downstream targets are effector caspases, e.g., 


caspase-3, -6, and -7 (26). The naturally occurring cellular apop- 
tosis-inhibitory proteins are thought to target activated effector 
caspases such as caspases-3 and -7 for deactivation (27). 

The activated effector caspases can interact with a large 
number of targets within an affected cell to bring about its 
destruction by apoptosis. Some of the cellular molecules tar- 
geted by the caspases are summarised by van de Water et al. (5) 
as: poly (ADP-ribose) polymerase (PARP-1); DNA within the 
nucleus and a DNA repair enzyme; nuclear lamin molecule A, 
B, and C; DNA fragmentation factor 45; inhibitor of caspase- 
activated DNase; receptor-interacting protein; DNA topoiso- 
merase; signal transducer and activator of transcription-1; Rb; 
X-linked inhibitor of apoptosis; U1 small nucleoprotein; fodrin; 
vimentin; and procaspase-2, -6, and -10. Caspase-3 has been 
suggested as being the primary executioner in most cellular 
apoptosis during both normal developmental cell death and the 
removal of damaged cells after injury (i.e., apoptosis) (25). 

Hu et al. examined noise trauma-initiated apoptosis of 
cochlear outer hair cells in the chinchilla (28). In a double- 
labelled study, the authors localised the activated caspase-3 to 
the cell bodies of damaged hair cells undergoing apoptosis. The 
results show a relationship between post—noise exposure pro- 
gression of hair cell loss, apoptosis of damaged hair cells, and 
activation of caspase-3. The study also demonstrated that 
activation of caspase-3 persists for at least two days after the 
initial noise trauma exposure. There was a correlation between 
post—exposure loss of noise-damaged outer hair cells, apoptotic 
changes in the outer hair cell nuclei, and the presence of 
activated caspase-3, -8, and -9 in the cell bodies of damaged 
sensory cells. The finding also indicates that the treatment 
window for noise-induced apoptosis of cochlea lasts at least 
two days. 


The MAPK/JNK-induced cell death 
pathway 


The extrinsic cell pathway involves the binding of cell death 
receptors that are members of tumour necrosis factors (TNF)-a 
pathway. In this, there are two receptors in the cell that are both 
activated in the shear stress injury by TNF-a, the type 1 (p55 
receptor pathway) and type 2 (p75 receptor pathway). As in 
most instances in upregulation of cellular function, one leads to 
cell death and the other tries to rescue the cell. The TNF-a type 
1 receptor pathway is the apoptotic pathway. TNE, through its 
two types of receptors, activates two signalling pathways within 
cells (29). One, linked to receptor type 1 leads to programmed 
cell death (apoptosis), whereas the other, linked to receptor 2, 
counters the death signal and leads to survival. When both 
receptors are expressed, the type 2 receptor of the TNF-a may 
enhance the receptor 1—mediated death pathway. The final con- 
sequence may depend on the level of type 1 expression. The sur- 
vival pathway activates a transcription factor, nuclear factor 
(NF)-B, which works by turning on a set of antiapoptotic genes. 


NE-B is normally composed of two subunits, p50 and p65. 
It is usually held captive in the cytoplasm of a cell because it 
associates with an inhibitor protein called inhibitory protein-B 
(IB), which stops NF-B from entering the nucleus. After cells 
are treated with TNF-a, the IB protein becomes labelled with 
phosphate groups, which marks it out for degradation. With its 
jailer destroyed, NF-B is free to move into the nucleus, where it 
binds to relevant sites in its target genes and activates a new 
programme of gene expression, ensuring that the cell survives. 
The IB kinase complex mediates the key phosphorylation of IB 
in this chain of events. 

In Mongolian gerbils, it was found that changes in the lev- 
els of apoptosis-related proteins correlated with decreases in 
cochlear function as measured by distortion product otoacoustic 
emissions (DPOAEs) (30). The apoptosis-related proteins that 
correlated with a decrease in DPOAEs were (i) an antiapoptotic 
fast response gene Bel, bcl-2, which was decreased in the tissues 
of the aged cochlea and (ii) activated caspase-3 molecules, 
which increased in the tissues of the aged cochlea when these 
tissues were compared with the same tissue types obtained from 
the cochleae of the young animals. The level of Bax (a proapop- 
tosis protein caused by cell death gene Bax) did not show any 
ageing-related increase or decrease. Both bcl-2 and activated 
caspase-3 are involved in the control and execution of the 
MAPK/JKN-mediated cell death pathway, which is thought to 
be the primary mediator of oxidative stress-induced apoptosis of 
inner ear sensory cells. Thus the reported higher shear stress 
vulnerability of older animals may be linked to differences in 
regulation of the components in the apoptotic pathway (31). 

During intense sound exposure, the inner hair cells are over- 
stimulated resulting in synaptic hyperactivity and an excessive 
release of transmitter substance. The afferent neurotransmitter is 
most likely to be glutamate, which, like other excitatory amino 
acids, has toxic effects when released in large amounts. The 
resulting overstimulation of the glutamate receptors elicits an 
inflow of calcium ions, which, in combination with other ions, 
brings about the entry of water and subsequent swelling of the 
nerve endings. The result may be a total disruption of the 
synapses between the inner hair cells and the afferent nerve 
fibres in the cochlear nerve (32). A dorsal root acid sensing ion 
channel has been detected in the spiral ganglion cells (SGCs) 
and the organ of Corti including the nerve fibres innervating the 
organ of Corti (33). It is known that opening of the acid sensing 
ion channel may flux Ca’* and induce cell death (34). This 
mechanism may also be involved in noise-induced hearing loss 
and ischaemia-induced hearing loss because both shear stress 
and ischaemia can result in a low pH extracellular homeostasis. 

In addition to the accumulation of ROMs seen following 
metabolic and/or mechanical stress, it has been demonstrated 
that acoustical overstimulation leads to a significant rise in 
intracellular calcium levels in the outer hair cells (35). A sus- 
tained increase in the intracellular calcium concentration is 
known to result in severe cell injuries such us cytoskeletal 
breakdown, membrane defects, and DNA damage (36). One 


probable consequence of the increased calcium concentration 
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in the outer hair cells is the loss of cell body stiffness observed 
after intense acoustical stimulation (37). Moreover, a structural 
reorganisation of the organ of Corti has recently been demon- 
strated following acoustical overstimulation (15). The noise- 
induced changes in cellular stiffness and structure of the 
hearing organ seem to be, at least partly, reversible and the 
results may thus contribute to knowledge of the mechanisms 
involved (Fig. 16.4). 
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Figure 16.4 Life-and-death decision in the cells. Cellular stimulation with TNF- 
a (top) simultaneously activates survival (/eft) and death (right) signalling 
pathways. The survival pathway leads to the activation of NF-«B, which induces 
the expression of antiapoptotic genes in the nucleus. NF-«B (subunits p50 and 
p65) is normally held captive in the cytoplasm by the IkB protein. Cellular 
stimulation with TNF-a leads to activation of the IKK complex, which 
phosphorylates IkB. The phosphate tag (circled “p") singles out IkB for 
destruction. NF-«B is then free to move into the nucleus and activate its target 
genes. Hoeflich et al. have revealed an unexpected requirement for GSK-3b in 
the NF-«B-mediated activation of genes needed for survival (39). It is not yet 
clear how GSK-3b works in this pathway, but it probably involves a critical step 
following the movement of NF-«B to the nucleus. Targeted disruption in mice 
of any of the molecules coloured red leads to death of the embryo, 
accompanied by TNF-a-induced apoptosis of hepatocytes. Abbreviations: GSK, 
glycogen synthase kinase; IKB, inhibitory kinase-B; IKK, IkB kinase; NF, nuclear 
factor; TNF, tumour necrosis factor. Source: From Ref. 38. 
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Necrosis induced by sound 
stimulation 


Very loud sound leads to mechanical damage of the organ of 
Corti with fractures of the cellular membrane, liberation of 
lysosome content, and, exposure of the cell content to extra- 
cellular fluids. In necrosis, there is abundance of proinflamma- 
tory cytokines such as interleukin (IL)-1, IL-6, and TNF-a, 
and migration of inflammatory cells (40). 

TNF-a is involved in cellular survival/damage mechanism 
especially through the TNF receptor 1 (p55). The survival path- 
way can induce activation of c-Jun NH2-terminal kinases and 
NF-«B (41). There is also another TNF-a—mediated pathway 
that acts through receptor 2 (p75), the necrosis stimulating path- 
way. This pathway is also self-feeding; as the receptor 2 pathway 
is activated, it enhances production of TNF-a. The upregulation 
of receptor type 2 leads to inflammation and cytotoxic effects. 


Upregulation of growth factors in 
noise trauma 


The role of upregulation of growth factors is not yet well known. 
One of the nerve growth factors (NFG), the NFG1, is expressed 
in the cochlea during traumatizing noise leading to permanent 
threshold shift (PTS) but not during nontraumatic noise leading 
to temporary threshold shift (TTS) (41). One of the immediate 
responses by NFG1 gene production is activation of c-fos. Loud 
noise at a damaging level also upregulates genes producing glial 
cell line-derived neurotrophic factor (GDNF) in rats. The 
upregulation starts after four hours, peaks after 12 hours, and lev- 
els out after 12 hours from cessation of the noise exposure (42). 
GDNF has a protective effect on noise-induced cellular damage 
but the exact mechanism has not yet been delineated. It has 
been hypothesised that GDNF is involved in the consolidation 
of recovery function from noise damage. It is also possible that 
GDNF has a function that is related to protection from addi- 
tional noise-induced stress, rather than recovery from the first 
stress. GDNF upregulation may be related to the training effect, 
toughening, or conditioning of the organ of Corti (42). 

Vascular endothelial growth factor (VEGF) is also upregu- 
lated during shear stress that leads to traumatic changes (43). 
The expression of VEGF is limited to the hair bundles and 
SGCs after traumatic vibration. VEGF receptor 1 (VEGF R1) 
is not detected in the vibrated cochlea, whereas VEGF R2 
expression is present in the lower part of the outer hair cells, 
Dieters’ cells, Hensen’s cells, Claudius cells, the basal mem- 
brane of the organ of Corti, the internal sulcus cells, nucleus of 
the SGCs, the lateral wall of scala tympani, and the spiral liga- 
ment (Fig. 16.6). No expression of VEGF R2 was observed in 
the stria vascularis. 

It is well accepted that shear movement exists in the organ 
of Corti, but there is no documentation of shear stress within 


the SGCs. Shear forces within the bone matrix stimulate bone 
cells and mechanically transform them causing upregulation of 
genes in the cells (44). The SGCs are surrounded by perilymph 
and bone matrix. The shear force produced by the transcranial 
vibration is conducted to the SGCs and is able to cause shear 
stress. In our study, VEGF and VEGF R2 gene expression in the 
SGCs supports this hypothesis (Fig. 16.5). 

Vibration induces VEGF and VEGF R2 expression in the 
cochlea, but not VEGF RI. Our results confirm the biological 
significance of a previous in vitro study, which indicated that in 
vascular endothelial cells, high shear stress induced an increase 
in VEGF R2 expression. This upregulation reached its maxi- 
mum and was in a linear relationship to the stress strength 
within a range of 2 to 40 dyne/cm’ (45). The authors inter- 
preted this as showing that an increase in the shear stress in the 
vasculature by postischaemic reperfusion stimulates VEGF R2 
expression, resulting in an increase in vascular permeability and 
leading to neovascularisation. After myocardial infarction, the 
newly formed myofibroblasts express VEGF and VEGF R2 that 
seem to play a significant role in tissue repair/remodelling (46). 
When the cochlea is exposed to mechanical vibration, a shear 
stress presented in the various cell types of the cochlea with 
concomitant increase of expression of VEGF and VEGF R2. 
Thus, VEGF may contribute to tissue remodelling and angio- 
genesis at the site of damage in an autocrine manner and may 
be important in preventing further damage to the cochlea. The 
most enhanced expression was located in the SGCs, stereocilia, 
supporting cells, the internal sulcus cells, and epithelial cells of 
the lateral wall of the scala tympani. No obvious expression was 
found in the hair cells. This means that the hair cells are rather 
stable and not affected by the VEGF-induced reaction and seem 
not to be able to be remodelled/repaired by VEGF when they 
are damaged. Conversely, the spiral ganglion may be repaired 
with the assistance of VEGF because both VEGF and VEGF R2 
are expressed there. 

Shear stress-induced VEGF expression seems to be time- 
dependent. After acute shear stress within six hours of the 


Figure 16.5 Expression of vascular endothelial growth factor in the hair 
bundles of the outer and inner hair cells after shear stress-induced cochlear 
trauma in a guinea pig. It is quite possible that this staining covers the tip links. 


exposure, it is not expressed (47); whereas after longer shear 
stress, its expression is increased up to 14 days (48). In the 
cochlea, we observed expression of VEGF and VEGF R2 one to 
three days after vibration. This is in accordance with time limit 
of previous reports. In pathological states, especially at the 
acute phase of brain ischaemia and myocardial infarction, 
VEGF was expressed and could induce oedema, which is dele- 
terious. This happened within six hours (49). The naturally 
occurring upregulation of VEGF at a later phase (six hours 
later) means that VEGF and VEGF R2 responses are protective 
responses in the individual. There is no evidence to show 
whether VEGF and VEGF R2 are expressed in the spiral 
ganglion within six hours of cochlea shear stress. It is worth 
investigating this response to provide reference data for clinical 
treatment. 
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Free radical scavengers 


At least three important ROS are generated in the reduction of 
O, to H,O: superoxide anion (O, ), hydrogen peroxide (H,O,), 
and hydroxyl radical (OH ). It has been demonstrated that ROSs 
are involved in noise trauma (50-52), cisplatin ototoxicity 
(53-55), and aminoglycoside ototoxicity (56). Direct evidence of 
ROS ototoxicity has been demonstrated using isolated outer hair 
cells and by intraperilymphatic infusion (57). ROS ototoxicity is 
believed to be mediated by deleterious effects at multiple sites 
including lipid peroxidation, DNA strand breaks, and alterations 
in carbohydrate and protein structures. 


Table 16.2 Possible reactive oxygen species scavengers 
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Increased knowledge of the processes leading to cellular 
injuries is of fundamental importance in order to develop clin- 
ical means for protection and repair. Many recent reports on the 
protection against noise-induced hearing loss offered by drugs 
such as antioxidants and neurotrophins (NTs) are promising. 
Table 16.2 shows the antioxidants for which this has been 
experimentally demonstrated, and some are currently in use. 

In addition to these agents, there are several other com- 
pounds that have been tried and some may be useful, but there 
are insufficient data on their efficacy in preventing or healing 
cochlear injury. 

There are several different pharmacologically active agents 
that have been tried or are in use to treat sudden acoustic 
trauma. In general, few experiments have been prospective with 
relevant control material. The experiments carried out in mili- 
tary camps with the use of Me’® are effective and usable, but the 
limitation in their use is that Mg’ should be administered 
before exposure to inner ear trauma. The efficacy seems to be 
limited to preventative action by alleviating the accumulation 
of excessive Ca’* in the cochlea. 

An iron chelator and free radical scavengers have been 
shown to attenuate cochlear damage caused by noise (58). Also 
the antioxidant D-methionine has proved to be useful in pre- 
venting gentamicin-induced ototoxicity (4). N-acetylcysteine 
(NAC) is metabolised to cysteine (among other molecules) and 
may provide cellular needs for glutathione (GSH) in the pres- 
ence of ROS. Several recent articles demonstrate that L-NAC 
or related drugs could reduce noise-induced hearing loss (59). 
ROS-induced damage may occur in vibration-induced hearing 
loss, and ROS scavengers such as NAC may prevent vibration- 
induced hearing loss. In an animal model, NAC could not 
prevent vibration-induced hearing loss, although different 


1. Glutathione is a nucleophilic scavenger and an electron donor via the SH group of it business residue, cysteine 


2. N-acetylcysteine, the acetylated variant of the amino acid L-cysteine, is an excellent source of SH groups and is converted in the body 
into metabolites capable of stimulating glutathione synthesis, promoting detoxification and acting directly as free radical scavengers 


3. Ascorbic acid and its sodium, potassium, and calcium salts are commonly used as antioxidant food additives. These compounds are 
water soluble and thus cannot protect fat from oxidants: For this purpose, the fat soluble esters of ascorbic acid with long-chain fatty 
acids (ascorbyl palmitate or ascorbyl stearate) can be used as food antioxidants 


4. Salicylic acid is able to absorb hydroxyl ions and thus impede a main step in the process of membrane lipid peroxidation 


5. Melatonin, once oxidised, cannot be reduced to its former state because it forms several stable end products upon reacting with free 
radicals. Therefore, it has been referred to as a terminal (or suicidal) antioxidant 


6. Tocopherols are the most abundant and efficient scavengers of hydroperoxyl radicals in biological membranes 


7. The iron chelator (desferrioxamine) forms a stable complex with ferric iron, decreasing its availability for the production of reactive 
oxygen species. Desferrioxamine is a powerful inhibitor of iron-dependent lipid peroxidation and hydroxyl radical formation 


8. Mannitol is free radical scavenger of the hydroxyl radical to which the aldehyde moiety of mannitol reacts and binds. This forms a 
mannitol radical that undergoes disproportionation or dimerises, and thus becomes less cytotoxic than the former hydroxyl radical, 


causing less damage to the cellular ultrastructure 


Abbreviation: SH, sulfhydryl. 
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administration approaches have been tested (60). Figure 16.6 
shows the results of NAC on vibration-induced hearing loss. In 
fact, NAC appears to have synergistic neurotoxic effects in 
combination with glutamate, which may be the primary affer- 
ent neurotransmitter of the cochlea (61,62). 

Several compounds have been tried in the prevention or 
treatment of noise-induced hearing loss in humans (Table 16.3). 

Few of these experiments have control group or are 
randomised and prospective. So far, based on evidence in 
humans, only Mg’ seems to be effective in prevention of noise- 
induced hearing loss. The study of Attias was carried out in 
Israeli army forces and included controls, indicating that 
replacement of Ca’ ions in body led to protection from noise 
damage (63). 

In animal studies, the control of noise dose and environ- 
mental factors can be minimised. There has been much 
research conducted in animals with several pharmacological 
compounds. In general, all seem to work in animal experiments 
that have been tried for prevention, but their clinical value 
needs to be documented. For treatment of sudden deafness, 


there are several substances suggested for use. These are listed 
in Table 16.4. 
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Figure 16.6 Mean hearing threshold change after exposure of the guinea pigs 
on traumatizing vibration causing shear stress, which was administered with 
AC before vibration. Note: OQ—round window delivery; 1-80 mg/m’; 

2—800 mg/m’; 3-—2000 mg/m’: 4—8000 mg/m’: 5—control. Abbreviation: NAC, 
N-acetylcysteine. 


Table 16.3 Clinical trial of drug treatment of acute acoustic trauma 


Drugs Sample number Method Efficacy Authors 
Vitamin A Re No Ward and Glorig, (64) 
Dextran 72 Re,Co Yes Martin and Jakobs, (65 
209 Re,Co No Eibach and Borger, (66 
Dextran; + pentoxifylline 147 PrRa No Probst et al., (67) 
50 Pr,Co No Eibach and Borger, (68 
Bencyclan 85 Re,Co No Eibach and Borger, (68 
Xantinol nicotinate 85 Re,Co No Eibach and Borger, (68 
ATP 136 Re,Co No Eibach and Borger, (68 
Vitamin A, B, E 85 Re,Co No Eibach and Borger, (68) 
Methionine 85 Re,Co No Eibach and Borger, (68 
Cinnarizine 57 Re,Co No Eibach and Borger, (68 
Betahistine 122 Pr,Ra No Pilgramm and Schumann, (69) 
Magnesium 320 Pr,Ra Yes Joachim et al., (70) 
4g, drink 80 No Pilgram et al., (71) 
10 mg/kg, infusion 300 Pr,Co Yes Attias et al., (63) 
167 mg, drink 100 Pr,Ra No Maurer et al., (72) 
Diltiazem 


Abbreviations: Co, control group; Pr, prospective study; Ra, randomised study; Re, retrospective study. 


Source: From Refs. 63-72. 
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Table 16.4 Animal studies of drug treatment of acute acoustic trauma 


Drugs Animal species Efficacy Parameters Authors 
NAC Guinea pig ++ ROS, ABR, hair cell loss Ohinata et al., (73) 
NAC; + acetyl-salicylic acid Chinchilla +++ ABR, cytocochleogram Kopke et al., (59) 
HES70, ES200, pentoxifylline, Guinea pigs HES +++; p02, CAP, ABR, CM Lamm and Arnold, (21) 
ginkgo biloba, betahistidine betahistidine + ; 

others 
Allopurinol Guinea pigs ar ROS, ABR Attanasio et al., (74) 
Allopurinol, SOD-PEG Rat ap ABR, CAP Seidman et al., (75) 
Dipyridamol, allopurinol Guinea pigs ar CAP Bergmann, (76) 
DFO, mannitol, GDNF Guinea pigs aR ar Cytocochleogram, ABR Yamasoba et al., (58) 


Abbreviations: ABR, brainstem evoked response; CAP, compound action potential; CM, cochelar microphonics; DFO, desferroxamine; GDNF, glial cell line-derived 
neurotrophic factor; HES, hydroxyethyl starch; NAC, N-acetylcysteine; PEG, polyethylene glycol; ROS, reactive oxygen species; SOD, superoxide dismutase. 


Source: From Refs. 21, 58, 59, 73-76. 


TNF-a and its antagonists 


After shear stress of the cochlea, Zou et al. demonstrated a weak 
TNF receptor 1 staining mainly in Hensen’s cells, Claudius 
cells, the internal sulcus cells, and the capillaries of the spiral 
ganglion (Fig. 16.7) (43). Much stronger expression of TNF 
receptor 2 was found mainly in the SGCs, Henson’s cells, 
Claudius cells, the internal sulcus cells, Dieters’ cells, the basal 
membrane of the organ of Corti, the spiral ligament, the spiral 
vascular prominence, with weaker staining in the lower part of 


the out hair cells (43). No TNF receptor expression was 
detected in the normal cochlea. 

Although TNF-a, TNF receptor 1, and receptor 2 were 
observed in the vibrated cochlea, the expression of TNF receptor 
2 was more prominent in the cochlea. The combination of TNF- 
a with TNF receptor 2 is capable of activating JNK and NF-«B 
(41). The activation of JNK and NF-«B has the function of an 
antiapoptotic agent (41). On the other hand, the activation of 
TNF receptor 1 induces apoptosis (77). When both receptors are 
expressed, the activation of TNF receptor 2 enhances the effects 


Figure 16.7 Expression of TNF-@ and receptor upregulation in guinea pig cochlea after induction of powerful shear stress. TNF-a (A) and receptor 2 (C) are 
markedly expressed in the vibrated cochlea. Receptor 1 (B) only showed slight expression in the vibrated cochlea. Abbreviation: TNF, tumour necrosis factor. 
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of receptor 1 activation. The final fate of the cells should be 
related to the expression ratio of both receptors. Shear stress 
inhibits TNF-a—induced apoptosis by activating phosphatidyli- 
nositol 3-kinase and inhibiting caspase-3 (Fig. 16.7) (78). 

Recently anticytokine therapies have become a common 
treatment in diseases of autoimmune origin such as rheumatoid 
arthritis and Crohn’s disease (79). Treatment with monoclonal 
antibodies against TNF-a suppresses inflammation and 
improves patient well being (79). TNF-a is a proinflammatory 
cytokine released during infection or inflammation, which calls 
the immune system to action (38). Anti-TNF-a@ antibody 
administration in vivo results in the rapid downregulation of a 
spectrum of cytokines, cytokine inhibitors, and acute-phase 
proteins (79). 

Etanecerp and infliximab are drugs that potently and selec- 
tively bind TNF-a in the cellular microenvironment, thereby 
preventing TNF-a from interacting with membrane-bound 
TNF receptors on target cells. Etanecerp is a recombinant 
fusion protein of the soluble type 2 TNF receptor on a human 
IgG1 backbone, whereas infliximab is a chimeric anti- TNF-a 
monoclonal antibody containing a murine TNF-a-binding 
region and human IgG1 backbone. 

Both etanecerp and infliximab are reported to have a positive 
effect on hearing loss or hearing fluctuation in Meniére’s disease 
and idiopathic sensorineural hearing loss (80). In the animal 
model in which keyhole limpet hemocyanin (KLH) was used to 
induce autoimmune hearing loss in guinea pigs, etanecerp could 
effectively alleviate the hearing loss and cochlear damage in the 
animal model (81). The findings were confirmed in later study in 
the same animal model (82). However, a multicentre study on 
immunomediated cochleovestibular disorders by Matteson et al. 
could not demonstrate that etanecerp was effective in alleviating 
vertigo and tinnitus or improving hearing in these patients (83). 
Zou et al. studied the effect of infliximab on the prevention of hear- 
ing loss after shear stress-induced cochlear trauma (unpublished 
data). In this trauma, TNF-a and its receptor 1 and 2 are upregu- 
lated in the cochlea. Infliximab was administered through different 
approaches in the experiments, intravenously, intraperitoneally, 
and transtympanically. None of the administration methods could 
prevent the animals from developing hearing loss. In a subsequent 
trial, four patients with vertigo and bilateral severe sensorineural 
hearing loss were followed up for three months and infliximab with 
azathioprine were administered intravenously according to proto- 
col used for treatment of severe rheumatoid arthritis. In none of 
the patients was hearing improved or preserved. It is noteworthy 
was that one of the subjects responded to corticosteroids with an 
improvement of hearing of 50dB, but did not show a similar 
responsiveness to infliximab. 

Infliximab may cause severe adverse effects, the main being 
hypersensitivity reactions, development of antinuclear antibod- 
ies, possibly lymphoproliferative disorders, and reactivation of 
latent tuberculosis. Also a case has been reported with severe 
neutropaenia and thrombocytopaenia associated with inflix- 
imab (84). Infliximab infusions are accompanied by acute reac- 
tions in approximately 5% of infusions (85). 


To summarise the findings of TNF-a, it seems well docu- 
mented that in a damaged cochlea, there is upregulation of 
TNF type 1 and 2 receptors but the efficacy of the blocking 
agents have not yet been demonstrated, so that neither 
etanecerp nor infliximab can be recommended for treatment of 
hearing loss in humans. 


Neuroprotection: calpain, nitric oxide, 
and glutamate receptors 


The accumulation of free radicals severely damages the inner 
ear and other tissues. Through a complex chain of events, this 
damage can then cause a release and accumulation of glutamate 
and calpains. Nitric oxide (NO) plays a role in a great range of 
important functions in the organism, such as vasodilatation, 
relaxation of muscles, neurotransmission, and neuromediation. 
NO has been found to cause ototoxicity. Ruan et al. demon- 
strated that sodium nitroprusside, a NO donor, produced both 
outer hair cell and inner hair cell damage when it was applied 
at the cochlear round window (86). NO synthase (NOS) has 
been shown to play an active role in the initiation of degener- 
ation of the SGCs of the rat cochlea (87). It has been suggested 
that noise-induced hearing loss is partly due to excessive release 
of the excitatory amino acids such as glutamate and conse- 
quently exciting the postsynaptic receptors leading to swelling 
of the nerve endings (88). It has also been suggested that the 
ototoxicity of noise trauma and aminoglycosides may result 
from the same excitatory process at the glutamate receptor (89). 
NO mediates the effects of excitatory amino acids in the cen- 
tral nervous system and may play a similar role in the peripheral 
auditory system, since glutamate is considered to be the afferent 
neurotransmitter at the inner hair cell synapses. NO plays an 
important role in kainic acid-induced ototoxicity (90). A study 
demonstrated that 7-nitroindazole, a competitive inhibitor of 
neuronal NOS, could attenuate the compound action potential 
(CAP) threshold shift caused by kainic acid, suggesting that 
NO is coupled to a glutamate receptor (91). Indeed, Amaee 
et al. suggested that NO might be involved in sensorineural 
hearing loss—induced by bacterial meningitis (92). 

Recently Barkdull et al. used cochlear microperfusion to 
treat sensorineural hearing loss caused by inflammation in a 
guinea pig model (93). The microperfusion was effective in 
the acute phase that is associated with elevations in cytokines, 
NO, and cellular infiltrates and the breakdown of the 
blood-labyrinthine barrier. The chronic phase leads to irre- 
versible ossification of the labyrinth demanding other kinds of 
treatment to facilitate removal of inflammatory cells and their 
byproducts. The benefit of microperfusion may be sustained 
when combined with local delivery of immunosuppressive 
agents to the inner ear. 

Studies have shown that excessive glutamate may play a role 
in the production of tinnitus. They also show that glutamate 
antagonists can have a protective effect on the inner ear and pos- 
sibly be a treatment for peripheral tinnitus, which is generated by 
the inner ear. Several such drugs are currently under investigation 


for hearing loss and tinnitus as, for example, memantine, carover- 
ine and magnesium. Caroverine has been shown to restrict the 
activity of glutamate receptors and protect the hearing of guinea 
pigs. Its safety and tolerance have been demonstrated in some 
clinical studies. In one study, 63% of patients treated with intra- 
venous caroverine reported a significant improvement in their 
tinnitus immediately after intravenous infusion (94). Over 48% of 
patients remained stable after one week. No severe adverse effects 
were identified for the majority of patient. However, a few patients 
experienced mild transient side effects. There is, however, con- 
flicting data that suggest that the placebo effect may have been 
responsible for the reduction in tinnitus. More clinical studies 
need to be conducted to resolve the controversy. 

Glutamate receptor antagonists have been found to protect 
the cochlea from noise trauma and aminoglycoside ototoxicity. 
Excitotoxicity can be prevented by a non-NMDA (NMDA, 
N-methyl-D-aspartic acid) receptor antagonist (95). Swelling of 
the dendrites under the inner hair cells induced by the glutamate 
agonist alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) can be partly prevented by the non-NMDA recep- 
tor antagonist dinitroquinoxaline-2,3-dione (DNQX). Noise- 
induced swelling of the dendrites under the inner hair cells has 
been found to be prevented by either dizocilpine (MK) 801, an 
NMDA teceptor antagonist, or kynurenic acid, a wide glutamate 
receptor antagonist for both NMDA and non-NMDA receptors 
(96). Aminoglycoside-induced hearing disorders could be pre- 
vented by the NMDA receptor antagonist MK 801 (97). This 
suggests that the glutamate receptor plays an important role in 
noise and drug-induced hearing loss. 

Puel et al. observed total disruption of all synapses between 
the inner hair cells and spiral ganglion neurone dendrites, 
together with the disappearance of cochlear potentials after 
applying AMPA, a glutamate agonist, to the cochlea (98). In 
addition, recovery of both the normal pattern of inner hair cell 
innervation and the physiological responses has been observed 
within five days. 


Treatment of cochlea trauma with nerve 
growth factors 


NTs, including nerve growth factor (NGF), brain-derived NGF 
(BDNF), NT-3, and GDNE are known to play a role in the sur- 
vival of injured cochlear neurones both in vitro and in vivo. 
Schindler et al. found that NGF significantly prevented damage to 
spiral ganglion neurones from neomycin in vivo (99). BDNF and 
NT-3 have been shown to protect spiral ganglion neurones from 
ototoxicity of cisplatin and aminoglycoside both in vitro and in 
vivo (100). BDNF and GDNF have also been found to protect the 
cochlea from noise-induced damage (101). In addition, Pirvola 
et al. found that fibroblast growth factor (FGF) receptor (FGFR)- 
3 mRNA was present in the organ of Corti following acoustic 
overstimulation and suggested that FGFR-3 could be involved in 
protecting the cochlea from noise-induced damage (102). 
Recent findings that GDNF, BDNF, NT-3, and transform- 
ing growth factor-a can protect the auditory hair cells from 
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acoustic trauma or aminoglycoside ototoxicity in vivo raise the 
question of whether other neurotrophic factors can also protect 
the hair cells in vivo (103-106). FGF-2 can protect hair cells 
from neomycin ototoxicity in vitro, and an in vivo study has 
shown upregulation of FGFR-3 in the cochlea following noise 
exposure, suggesting that some FGF family members might play 
a role in protection or repair of the cochlea from damage (107). 
However, no significant difference in threshold shifts was 
observed between the treated and untreated ears in any of the 
groups (108). The extent of hair cell damage was also compara- 
ble among the different treatment groups. These findings indi- 
cate that exogenous FGF-1 or FGF-2 does not influence 
noise-induced hair cell damage under the experimental condi- 
tions used in this study, suggesting that these FGFs are not good 
candidates as auditory hair cell protectors in vivo. 

Zou et al. demonstrated, in the guinea pig, that after 
damage under shear stress in cochlea, the hearing loss could be 
alleviated by combining BDNF and Connective Tissue Nitrient 
Formula (CTNF) (60). Because BDNF + Ciliary Neuro Trophic 
Factor (CNTF) can improve the survival of SGCs while afford- 
ing no protection to hair cells from noise, protection from hear- 
ing loss with BDNF + CNTF suggests that ganglion cell damage 
may be important in vibration-induced hearing loss (109). 
Apparently we need to protect the hair cells, ganglion cells, and 
possibly other structures such as supporting cells and strial cells 
from vibration-induced hearing loss. Because of severe side 
effects from BDNF + CNTE, it is still too risky to give NTs sys- 
temically but, in the future, local application may be useful in 
preventing inner ear trauma. 

The development, within the mammalian cochlea, of neu- 
rite sprouting and integrity of SGCs is influenced by members 
of several growth factor families. Among these NGF, BDNF 
NT-3, and NT-4/5 are important (110). NGF, BDNE, NT-3, and 
NT-4/5 can promote the survival of postnatal mammalian 
SGCs in culture (111). Delivery of exogenous BDNF, NT-3, 
and NGF to the mammalian inner ear can prevent loss of SGCs 
following administration of ototoxic drugs (100). NTs have 
been associated with regenerating neurones in avian cochleae 
(112). CNTF and leukaemia-inhibitory factor are members of 
the neuropoietic cytokine family and can also promote the sur- 
vival of SGCs (113). These cytokines and NTs act in concert 
upon mammalian SGCs. For example, the combination of 
CNTF and NT-3 is more effective in promoting the survival of 
dissociated SGCs in vitro than either factor alone (113). 

In recent years, studies on antioxidants and/or NTs show 
promise in protecting the inner ear (hair cells and SGCs) from 
trauma such as noise (58). The next question, of clinical rele- 
vance, is to assess such pharmacological treatment in the pre- 
vention of surgically induced trauma to the human inner ear. In 
a previous experimental study, we showed that vibration resulted 
in significant hearing loss (31). Therefore, experimental studies 
mimicking the clinical situation are required to provide infor- 
mation on the mechanism underlying this kind of damage. 

Based on the evidence of animal experiments on the neu- 
rotrophic factors, it is possible in the future, when targeted drug 
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therapy will become feasible, that the NTs may be the key mol- 
ecules used in hearing preservation. 


Treatment of cochlear trauma with 
corticosteroids 


The inner ear contains both glucocorticoid and mineralocorti- 
coid receptors providing substrate for the biological action of 
corticosteroids. The normal cortisol production in human 
plasma is 14 to 70pmol/day (5-25 mg/day) and peaks in the 
early morning. Injuries, infections, cold, and pain result in a 10- 
fold and a greater increase in the rate of production of cortisol. 
Dexamethasone has a biological half-life in plasma of about two 
to five hours [baxter dexamethasone data sheet, (114)]. For cor- 
tisol, this is about 80 minutes. The anti-inflammatory effect 
lasts longer than the half time in the plasma. 

Bachmann et al. evaluated the prednisolone level in peri- 
lymph after round window application (115). They applied 
0.1 mL of 50 mg/mL prednisolone solution directly to the round 
window niche. Samples were taken from the apex of the 
cochlea. The steroid concentration in the scala tympani reaches 
a peak of 1 mg/mL after one hour, which is equal to 2% of the 
steroid concentration of the solution applied to the RWM. 

The dexamethasone concentration found by Parnes in the 
cochlea was about 10 times higher than that found by Chan- 
drasekhar et al., although Parnes used a lower dexamethasone 
concentration applied on the RWM (4.4mg/mL) than Chan- 
drasekhar (10mg/mL), who completely filled the bulla 
(116,117). Parnes used a much slower perilymph sampling tech- 
nique. Since both Parnes and Chandrasekhar et al. took 10 pL 
samples from the cochlea base and Bachmann from the apex, 
the latter data are the most reliable. Also, Bachmann put the 
steroid solution directly onto the round window niche (the oth- 
ers just filled the bulla) and left the animal under anaesthesia 
for a longer time. In addition, his periods of sampling cover a 
longer total period. The other authors rinsed the bulla with 
saline 30 minutes after the steroid injection. 

Ikeda and Morizono studied possible adverse effects of tri- 
amcinolone in the middle ear of chinchillas (118). Triamci- 
nolone did not influence the CAP when compared with the 
saline-treated control animals. Jinn et al. investigated the length 
changes in outer hair cells from the chinchilla in vitro (119). 
Tobradex diluted 1:40 resulted in an in vitro dexamethasone 
concentration of 25 we/mL. Dexamethasone at this concentra- 
tion had the least effect on the outer hair cell length when com- 
pared with the others. Kroin et al. perfused the subarachnoid 
space of the spinal cord in rats (intrathecal) with dexametha- 
sone, via an osmotic minipump (0.5 wL/hr) over 14 days (120). 
The objective was to evaluate stability, bioavailability, and safety 
of long-term drug delivery. They concluded that a dose of 
300ng/day (=12.5 ng/hr) is safe. Higher doses resulted in mor- 
phological changes. However, the dose without information on 
the volume of the spinal cord fluid does not give the correct 
value of drug concentration. In order to transfer this figure into 
humans, the relevant volume of the spinal cord fluid of the rat 


should be compared with the scala tympani volume in humans. 
The rat spinal cord fluid volume could be in the range of 10 pL, 
as the guinea pig perilymph respecting the human perilymph 
volume. Nordang et al. investigated morphological changes of 
the RWM in rats, after the instillation of either dexamethasone 
(1 pg in 20 pL) or hydrocortisone (2%, 20 wL) every second day 
for either 5 or 10 days, through the tympanic membrane into the 
middle ear cavity (121). Control groups received 20 wL of saline. 
In the group treated with dexamethasone, no morphological dif- 
ferences were found between the steroid group and the control 
group. However, epithelial thickening and inflammatory cells 
were found in the RWMs of the hydrocortisone groups as com- 
pared to the controls. The authors suggest that every instillation 
of fluid into the middle ear causes some swelling, but dexam- 
ethasone reduces the symptoms because it is the most potent 
drug. Unfortunately, hearing was not monitored. 

Spandow et al. observed that hydrocortisone instilled into 
the middle ear cavity of rats caused irreversible threshold shift in 
the brainstem evoked response (ABR) (122). No morphological 
changes in the inner ear were observed. The hydrocortisone was 
dissolved in distilled water. Distilled water served as control in 
the other ear. It has been suggested that the threshold shift was 
due to distilled water rather than hydrocortisone (118). 

It has been suggested that acute noise trauma can also be 
treated with corticosteroids or other treatments aimed at 
improving the microcirculation of the cochlea (123). The 
efficacy of corticosteroids has been evaluated in idiopathic 
progressive sensorineural hearing loss, sudden deafness, and 
Meniére’s disease. Nevertheless, no conclusive evidence on 
their efficacy on treatment in any of these diseases has been 
achieved (Tables 16.5—16.7). 


Novel substances still at an experimental stage 


Peptide inhibitor AM-111 (D-JNKI-1) 

D-c-jun N-terminal kinase peptide inhibitor (D-JNKI-1) is a 
cell permeable peptide that selectively blocks MAPK/JNK- 
mediated apoptosis of stress injured hair cells and neurones in 
the cochlea to protect against permanent hearing loss. When 
administered within a therapeutic window after the incident, 
D-JNKI-1 can effectively protect cochlear hair cells and neu- 
rones that would otherwise undergo apoptosis and be lost (139). 
D-JNKI-1 is an efficient inhibitor of the action of all three JNK 
isoforms produced by linking the 20 amino acid terminal JNK- 
inhibitory sequence (JNK-binding domain) of JIP-1/IB1 to a 10 
amino acid HIV transactivating regulatory protein (TAT) 
transporter sequence (140). The otoprotective properties of D- 
JNKI-1 have been tested and confirmed in various animal mod- 
els so far, including acute acoustic trauma, surgically induced 
acoustic trauma (cochlear implant electrode insertion), and 
aminoglycoside ototoxicity. After acute acoustic trauma in 
guinea pigs, D-JNK-1 was shown to protect against permanent 
sensorineural hearing loss even if administered only “after” 
noise exposure (6 kHz pure tone, 120 dB for 30 minutes) and in 
just one single dose. The therapeutic window was 12 hours. 
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Table 16.5 Animal studies of drug treatment of acute acoustic trauma 


Drugs Anti-inflammatory efficacy Biological t,). (hours) Human plasma t,;, (hours) 
Hydrocortisone 1 8-12 1-1.5 

Prednisolone 4 12-36 2-3 

Triamcinolone (Volon A, Kenacort A) 5 12-36 2-3 

Dexamethasone 25-30 36-72 3 

Methyl-prednisolone 5 12-36 1.5-3 


Table 16.6 Clinical studies on the efficacy of corticosteroids in Meniére’s disease 


Drugs Number of subjects Administration 
participating in of the drug 
the study (n) 
Dexamethasone 5) Intratymp 
Dexamethasone 21 Intratymp 
Dexamethasone 17 Intratymp 
Prednisone + 12 ES 
Dexamethasone 
Dexamethasone 21 Intratymp 
Dexamethasone 24 Intratymp 
Dexamethasone 28 Intratymp; + IV; 
+ oral 
Dexamethasone DD. Intratymp 
Dexamethasone 17 Intratymp 


Dose of Positive effect Authors 
administration the drug 
8 mg in hyaluron 5/15 Arriaga and 
solution Goldman, (124) 
4mg/mL, 1/wk, 4wk 11/21; 9/21 Barrs et al., 
(125 
16 mg/mL; 3 x 0/17 Hirvonen et al., 
0.2-0.4 mL, 1 wk (126 
P: 20 mg, into ES; 0/12 Kitahara et al., 
D: 32 mg/mL, (127 
outside ES 
1X 4mg/mL solution 21/21 Sakata et al., 
(128 
0.25 mg/0.25 mL, Vertigo 17/24; Sennaroglu 
ventilation tube hearing 0/24 et al., (129,130) 
RWM: 3 X 0.2 mg; Hearing 19/28; Shea et al., 
IV: 16 mg; oral: tinnitus 23/28: (131) 
0.25 mg, daily, 1mo dizziness 27/28 
Intratymp 1 mg/ml Tinnitus 10/22; Silverstein 
intravenous 4mg/mL hearing 9/22 et al., (132) 
8 mg/mL 0/17 Silverstein 
et al., (133) 


Abbreviations: ES, electrolyte solution; IV, intravenous; RWM, round window membrane. 


Source: From Refs. 124-133. 


This pathway appears to be different from that of [cephalic 
sensilla (1346 vai 11004) (CEP-1346)]. The inhibitory action of 
AM-111 is thought to be fundamentally different from the 
action of small chemical inhibitors such as CEP-1347 (141,142). 
AM-111 does not interfere with intrinsic JNK activity that 
might be involved in such physiological activities as cellular 
differentiation and neuritic outgrowth, but rather it targets 
access of MAPK/JNK to substrates within a cell nucleus by a 
competitive mechanism (143-146). 


CEP-1346 

Increased JNK activity and c-Jun induction is observed in 
stressed cells during various conditions, including degeneration 
and regeneration. Combined with data tissue 
culture experiments dissecting the JNK pathway, this suggests 
that activation of the JNK pathway via c-Jun induction or 
other mechanisms is important in cell death processes involved 
in hearing loss and potentially other neurodegenerative 
disorders. 


from 
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Table 16.7 Efficacy of treatment with corticosteroids on tinnitus and sensorineural hearing loss 


Diseases (number Drugs Administration 
of subjects of the drug 
participating 

in the study) 

Tinnitus (1214) Dexamethasone Intratymp 
Tinnitus (56) Dexamethasone Intratymp 
Tinnitus (3041) Dexamethasone Intratymp 
Tinnitus (24) Dexamethasone Intratymp 
SNHL and Dexamethasone Intratymp 
various (37) (20); methyl- 


prednisolone (17) 
Sudden SNHL (6) 
Sudden SNHL (12) 


Microcath on RWM 
Microcath on RWM 


Methyl-prednisolone 
Methyl-prednisolone 


Labyrinthine Prednisolone 


fistula (12) 


IV single dose 


Dose of administration _ Positive effect Authors 

of drugs 
4mg/mL 862/1214 Sakata et al., (128) 
2mg, 4mg, 4/wk 40/56 Sakata et al., (134) 
4-8 wk, 1 mg/mL 2068/3041 Sakata et al., (135) 
1/2 days, 3 mo; 2/24 Sennaroglu et al., 
Dexamethasone, (129,130) 
4mg/mL 
Methyl-prednisolone, SNHL, 13/37 Parnes et al., (116) 
40 mg/mL 
62.5mg/mL, 14 days AIED, 7/13 Kopke et al., (136) 


Lefebvre and 
Staecker, (137) 


Milewski et al., (138) 


62.5mg/mL, 10 days 5/6 


500mg 12/12 Prevent HL 


Abbreviations: AIED, autoimmuno inner ear disease; HL, hearing loss; IV, intravenous; RWM, round window membrane; 


SNHL, sensory neural hearing loss. 
Source: From Refs. 116, 128-130, 134-138. 


The development of the neurotrophic molecule CEP-1347 is 
based on the observations of the survival-promoting and neu- 
rotrophic effects of the naturally occurring small molecule K252a 
(147). K252a possesses two activities in neurones. At high con- 
centration, K252a inhibits the survival-promoting and neu- 
rotrophic effects of NTs, whereas at low concentrations, K252a, by 
itself, promotes survival and differentiation similar to the effects of 
the NTs. Compounds based on the K252a structure were synthe- 
sised to enhance the neurotrophic effects of K252a while decreas- 
ing its ability to inhibit tyrosin kinase (Trk) phosphorylation. The 
conjugation of alkyloxy- or alkylthio-side chains to the outer ben- 
zene rings of the indolocarbazole structure increases choline 
acetyltransferase mRNA (ChAT) activity in both the rat spinal 
cord and basal forebrain cultures. Compared to other bulkier 
alkylthio-derivatives, the 3,9-bis-[ethylthio(methyl)]-substituted 
K252a has the most potent neurotrophic effects. The 3,9-bis-[ethyl- 
thio(methyl)]-substituted K252a was named CEP-1347 or KT- 
7515. Compared to K252a, CEP-1347 is not cytotoxic above 
200 nM, as is K252a, and does not possess the nonselective ser- 
ine/threonine kinase inhibitor property of K252a, having binding 
affinities three orders of magnitude lower than K252a to protein 
kinase A (PKA) and protein kinase C (PKC) and myosin light 
chain kinase. Thus, the semisynthetic derivative of K252a, CEP- 
1347, has the desired neurotrophic effects while greatly reducing 
the nonselective-inhibitory profile of K252a. 

Recent studies in disparate species demonstrate that hair 
cell loss in response to noise or exposure to aminoglycoside 


antibiotics is associated with activation of the JNK pathway 
and subsequent apoptosis (148). CEP-1347 (1 mg/kg) adminis- 
tered to guinea pigs a few hours before and daily for two weeks 
after six hours of 120dB, 4kHz noise exposure significantly 
reduces hair-cell death and hearing loss observed 14 days 
post—noise exposure (149). 


Latanoprost 

Endogenous production of prostaglandins has been demon- 
strated in the cochlea, but no information is available on the dis- 
tribution of the cyclo-oxygenase (COX) or prostanoid receptors 
in the cochlea. Stjernschantz et al. investigated the localisation 
of the FP, prostaglandin E receptor 1 (EP1), and EP3 prostanoid 
receptors as well as the COX-1 and COX-2 in the cochlea of 
guinea pigs and human (149). In both the guinea pig and 
human, the FP prostanoid receptor was abundantly distributed 
in the cochlea, e.g., in the stria vascularis, spiral ligament, spiral 
ganglion, and organ of Corti. The immunohistochemical stain- 
ing of the EP1 and EP3 receptors in the same structure was sig- 
nificantly weaker and sometimes lacking altogether (e.g., EP3 
receptor in human cochlea). Weak, but mostly consistent 
immunostaining of COX-1 was found in the cochlear structures. 
At the same time, COX-2 was absent. The abundant distribu- 
tion of the FP receptor in several important cochlear structures 
in both the guinea pig and human suggests a physiological func- 
tion for (prostaglandin KF PGF) PGF2a in the cochlea. COX-1 


seems to be expressed in cochlea in contrast to COX-2. 


Latanoprost is a selective agonist for the FP prostanoid 
receptor (receptor for PGF2@). Many prostaglandins, including 
PGF2a, are produced in the inner ear (150). Rask-Andersen 
et al. administered latanoprost by intratympanic injection once 
daily for three days (151). Before the first injection (day 1) and 
on day 5 and 15, hearing capacity and tinnitus were deter- 
mined. The patients’ vertigo was assessed on a visual analogue 
scale on days 1 to 15. The study was randomised, double-blind, 
and placebo-controlled. Latanoprost reduced vertigo/disequilib- 
rium by about 30% and improved speech recognition by about 
15%. Tinnitus loudness was not reduced by latanoprost. There 
were few side effects. It is likely that latanoprost may be a use- 
ful agent for acute hearing loss and also environmental noise- 
induced hearing loss. 


Targeted drug delivery—future treatment 


The specific cell targeting treatment of the inner ear disease 
represents another challenge. The possibility of nanocarrier- 
based drug targeting is under development. In this nanocarrier, 
it can be a nanoparticle (NP) of size less than 200 nm in diam- 
eter (Fig. 16.8). The NPs can be produced by different tech- 
niques including interfacial deposition, emulsion, micellular 
structures, or sonication. Poly (lactic-co-glycolic acid) (PLGA) 
and poly (E-capro-lactone) (PCL) are biodegradable approved 
polymers, but typically suffer from low drug incorporation and 
rapid drug release rates for low-molecular-weight organic drug 
molecules. Other materials such as chitosan, silica-based mate- 
rials, demonstrate better incorporation and slower release rates, 
but suffer from poorer biodegradability and biocompatibility. 
Additionally, physicochemical properties of drugs affect loading 
and release, thus choice of drugs and compatible polymers will 
be important for development and clinical therapy. 

NPs should be appropriately surface modified to reduce tox- 
icity and immunogenicity. Obviously both of these features rep- 
resent a challenge. Circumventing the immune response may be 
solved by (i) using peptide ligands to avoid protein tags on the 
NP surfaces and (ii) coating the surface of nanostructures with 
polyethylene glycol (PEGylating) to avoid nonspecific reactions 
with inner ear proteins and opsonisation or false targeting of the 
nanostuctures. Coating can be created either by the addition of 
a PEG-containing surfactant at NP production or after NP man- 
ufacture. NP coating must also inhibit aggregation and reduce 
uptake by nontargeted cells. Unless particles demonstrate signif- 
icant charge stabilisation, they will tend to aggregate due to 
their hydrophobic action. Proteins and buffering salts may 
increase aggregation or may adsorb to the particle surface, result- 
ing in nontargeted cell uptake. Hydrophobic particles and posi- 
tively charged complexes (as in uncoated polyplexes) will also 
tend to bind to cell surfaces, which will lead to a nonspecific 
uptake by macrophages into cells. 

A peptide-based targeting ligand can be attached with 
covalent bonds to the outer surface of the NP. The NP will bind 
with this ligand to specific receptors present, for example, in 
hair cells, supporting cells and cells in stria vascularis. In hair 
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cells, there are several possibilities of targets, including prestin, 
cadherin, claudin, anion exchanger 2, and myosin IVa. On the 
cochlear nerve, the SGCs have TrkB and TrkC receptors that 
can be targeted. Metalloprotein matrix proteins (MMP), 
MMP2 and MMP%, can be expressed in the stria vascularis after 
lesions. Conjugation of ligands may be achieved via PEG-like 
linkers to ensure that the uptake is specific. Ligands will be 
identified with a phage display technique. In this technique, 10” 
different DNA sequences coding for a peptide library are cloned 
to the coat protein gene of the virus and are displayed in the 
phage plasmid after protein synthesis. Using immobilised recep- 
tors in vitro, it is possible to select and isolate peptides with dif- 
ferent binding specificities. This procedure of ligand screening 
is called biopanning and results in highly selective peptides 
binding to specified receptors, thus allowing accurate targeting. 

Several genes regulate the differentiation of cochlear hair 
cells and supporting cells, during mammalian embryogenesis, 
from their common precursor cells. A key gene is known to be 
Atohl (also known as Math1). This is the mouse homologue of 
the Drosophila gene atonal that encodes a basic helix-loop-helix 
transcription factor. Overexpression of Atoh! in nonsensory cells 
of the normal cochlea generates new hair cells, both in vitro and 
in vivo. Atoh] has been shown to act as a “prohair cell gene” and 
is required for the differentiation of hair cells from multipotent 
progenitors. Recently our adjunct research institute demon- 
strated that, in mammals, by using gene therapy the lost hair cells 
will regenerate and also return hearing to the profoundly deaf 
mammalian ear. This finding opens new perspectives for the 
treatment of hearing loss and justifies the efforts to incapsulate 
nucleotides encoding the Math! gene within the nanostructures. 

Another approach for the inner ear-targeted treatment is to 
selectively open the passage from blood to perilymph without 
interference with endolymph because perilymph is essential 
for the surviving of cochlear hair cells and other cells. 
When VEGF is delivered to the RWM, it could significantly 
enhance the transport of gadolinium (111) complexed with 
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Figure 16.8 Multifunctional, biocompatible, biodegradable, nontoxic polymer 
matrix nanoparticle with a matrix integrated "tracer" for magnetic resonance 
imaging and selective drug delivery. 
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Future Treatment of HL 
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Figure 16.9 Future aspects of inner ear treatment are based on integrated 


action with internet-based data collection interface, genotyping with 
proteomics, data mining and evaluation with artificial intelligence-based 
systems, and robotic tissue engineering. 


diethylentriamine pentaacetic acid bis-methylamide (Gd DTPA- 
BMA) from blood to perilymph without disturbing the blood— 
labyrinth barrier (152). This site-specific response might be 
explained by the different structure of the blood—labyrinth barrier 
located in the stria vascularis and the blood—perilymph barrier, 
which is located in the spiral ligament and cochlear glomeruli. 
This response might be used to accelerate the penetration of intra- 


venously administered drugs to the cochlea (Fig. 16.9). 


We Diagnosis and 
management strategies 
in congenital middle 


and external ear 


anomalies 


Introduction 


Congenital middle ear abnormalities can be divided into major 
and minor anomalies. The major malformations represent the 
congenital atresias of the external auditory canal; the minor 
ones relate to the congenital defects of the ossicular chain. The 
term “congenital atresia of the ear” is generally used to describe 
a series of malformations of the external and middle ear. 
Although atresia anatomically implies an absence of an exter- 
nal auditory canal, clinically it is usually applied in a broader 
sense, varying from a mild abnormality with only narrowing to 
a complete absence of the external ear canal. Abnormalities 
of the external auditory canal are usually associated with a 
deformity or an absence of the pinna as well as middle-ear 
abnormalities. The inner-ear structures are only rarely 
involved. There is a considerable divergence of opinion as 
to the necessity and advisability of treatment for congenital 
atresia. Furthermore, there is much disagreement as to the 
procedure of choice and which criterion should be used to 
determine a surgical success. 


Epidemiology 


In Europe, a prevalence of 1.07 per 10,000 births for microtia- 
anotia (M-A) was found in the period 1980-2003 (1). Health 


Department statistics of the City of New York for a 10-year 
period (1952-1962) showed that there was a rate of 1 in 5800 
births (2). According to the Swedish Board of Welfare statis- 
tics, the frequency of isolated external-ear and external-ear- 
canal malformations in 1980 amounted to 0.92 per 10,000 live 
births (3). Variable prevalence rates can be due to variable reg- 
istration. A lack of standardisation of definition and diagnosis 
was previously described (1). Also, substantial variations in the 
incidence between different years have been found (4). 
Mastroiacovo et al. (5) studied the epidemiology and genet- 
ics of M-A, using data collected from the Italian Multicentre 
Birth Defects Registry (IPIMC) from 1983 to 1992. Among 
1,173,794 births, they identified 172 with M-A, a rate of 
1.46/10,000; 38 of the 172 infants (22.1%) had anotia. Of the 
172 infants, 114 (66.2%) had an isolated defect, 48 (27.9%) 
were multimalformed infants (MMI) with M-A, and 10 (5.8%) 
had a well-defined syndrome. The frequency of bilateral defects 
among nonsyndromal cases was 12% compared to 50% of syn- 
dromal cases. Among the MMI, only holoprosencephaly was 
preferentially associated with M-A; four cases were observed as 
against the 0.7 expected (P = 0.005). Neither was geographical 
variation in the prevalence of nonsyndromic cases observed nor 
was there evidence of time trends. Mothers with parity 1 had a 
higher risk of giving birth to an MMI with M-A. Mothers with 
insulin-dependent diabetes were at a significantly higher risk of 
having a child with M-A. Mastroiacovo et al. (5) suggested 
autosomal dominant inheritance with variable expression and 
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incomplete penetrance “in a proportion of cases” or multifacto- 
rial aetiology. Three cases had consanguineous parents, but there 
were no other affected siblings to support recessive inheritance. 

M-A can occur as an isolated defect or in association with 
other defects. A genetic or environmental cause has been found 
in only a minority of the cases. In such cases, M-A is usually 
part of a specific pattern of multiple congenital anomalies. For 
instance, M-A is an essential component of isotretinoin embry- 
opathy, is an important manifestation of thalidomide embry- 
opathy, and can be a part of the prenatal alcohol syndrome and 
maternal diabetes embryopathy. M-A occurs with a number of 
single-gene disorders such as Treacher Collins syndrome or 
chromosomal syndromes such as trisomy 18. M-A also occurs as 
a part of seemingly nonrandom patterns of multiple defects such 
as Goldenhar syndrome. 

Congenital aural atresia (CAA) has been reported in 
patients with chromosomal anomalies, especially terminal dele- 
tions starting at chromosome 18q23. Veltman et al. (6) stated 
that CAA occurs in approximately 66% of all patients who 
have a terminal deletion of 18q. They reported a series of 20 
patients with CAA, of whom 18 had microscopically visible 
18q deletions. The extent and nature of the chromosome 18 
deletions were studied in detail by array-based comparative 
genomic hybridisation. A critical region of 5Mb on chromo- 
some 18q22.3—q23 was deleted in all patients. Veltman et al. 
(6) concluded that this region could be considered a candidate 
region for aural atresia. 

Aural atresia is usually (70-85%) unilateral (7-9). The 
deformity on each side can vary in complexity. For unknown 
reasons, males outnumber females and the right ear is more 
commonly involved (10). There are no reliable data on the 
prevalence or incidence of minor anomalies. The latter are syn- 
dromal in 25% of the cases. 


Patient evaluation 


These congenital anomalies cause moderate-to-severe hearing 
loss and require determination of the hearing level within three 
months of birth, using evoked potentials. In bilateral anomalies, 
amplification by air- or bone-conduction hearing aids within six 
months of birth is essential to avoid delays in speech or language 
development. According to current international opinion, 
infants whose permanent hearing impairment is diagnosed before 
the age of three months and who receive appropriate and consis- 
tent early intervention at an average of two to three months after 
identification of hearing loss have significantly higher levels of 
receptive and expressive language, personal-social development, 
expressive and receptive vocabulary, general development, situa- 
tion comprehension, and vowel production (11,12). Speech 
development is progressively impaired by increased age at the 
diagnosis of hearing loss (13). Impairment is measurable as early 
as the age of three years and has consequences throughout life, 
leading to lower reading abilities, poorer school performance, and 
under- or unemployment. Linguistic experience already alters 


phonetic perception in infants by six months of age (14). Exper- 
imental data suggest nonregressive modifications of brain organ- 
isation due to absence of or inappropriate cochlear stimulation 
during the first half year of life (15). 

Genetic counselling is also required not only to establish 
the hereditary pattern but also to rule out associated anomalies 
in other organ systems. 

During early childhood, it is important to monitor both 
ears for the presence of otitis media. Especially in cases with 
unilateral atresia, the normal ear should be regularly followed 
up to exclude otitis media with effusion. If otitis media with 
effusion is present, prompt medical and/or surgical therapy is 
needed. Also, the atretic ear may be involved and may exhibit 
signs of acute otitis media. If the atretic ear is suspected of 
having acute otitis media, prompt antibiotic treatment should 
be initiated to minimise the risk of complications such as 
coalescent mastoiditis or subdural abscess. 


History and physical examination 


Middle and external ear anomalies may be isolated or associated 
with other malformations. To determine a syndromal aetiology, 
a systematic physical examination and history are needed not 
only of the craniofacial region but also of other organ systems. 
The examiner should include questions on drug utilisation or 
toxic exposure during pregnancy and any family history of hear- 
ing impairment as well as auricular or other developmental 
craniofacial abnormalities. In addition to these, information 
regarding low birth weight, maternal intrauterine infections, or 
trauma should be sought. If the patient is a young child, 
achievement of neurological milestones such as speech and 
ambulation are assessed through history and direct observation. 

According to Schuknecht (9), 45% of patients with aural 
atresia had concomitant abnormalities. In particular, the spine 
and genitourinary tract systems require careful evaluation (16). 
The calibre of the external auditory canal should be graded as nor- 
mal, stenotic, blindly ending, or atretic. Patients with a stenotic or 
blindly-ending external canal may escape diagnosis for years if the 
auricle is normal or only slightly deformed. There is no general 
agreement as to whether the degree of differentiation of the exter- 
nal ear correlates with the degree of malformation of the middle 
ear. Because the external ear develops embryologically earlier 
than the middle ear, one would be unlikely to find a normal mid- 
dle ear with microtia, whereas a malformed middle ear can occur 
with a normal pinna (2). The face of the patient should be care- 
fully examined to reveal any muscle weakness. It is rare to 
encounter a facial paresis or paralysis involving the entire hemi- 
face, although occasionally there is involvement of the lower face 
or lip area. The most common anomaly of facial function is a con- 
genital absence of the depressor anguli oris muscle (17). 


Audiometric evaluation 


According to the high-risk register (18), CAA can be identified as 
a high-risk factor. The child’s usable residual hearing and the need 


for amplification should be determined as soon as possible after 
birth. When congenital atresia is diagnosed in a newborn baby, the 
paediatrician must rapidly refer the child to the ear surgeon or the 
audiological physician for further audiological evaluation. Delay in 
testing or a wait-and-see strategy is not in the infant’s best interest. 
In the vast majority of cases, sensorineural function is normal and 
the atresia of the external ear canal causes a 45 to 60dB conduc- 
tive hearing loss. If both ears are affected, early hearing-aid fitting 
is called for. If it seems that the atresia is unilateral, then the status 
of normal hearing in the opposite ear must be clearly established. 
Pure-tone audiometry, speech-reception thresholds, or accurate 
behavioural testing cannot be performed on these young infants. 
Auditory-evoked brainstem response (and steady state evoked 
potentials) derived technology can be used as a test of the hearing 
status. This test will establish presence of cochlear function and 
overall degree of hearing loss, thus aiding the determination of the 
type of auditory rehabilitation needed. 

According to Bellucci (19) and to Kaga and Suzuki (20), 
adequacy of inner-ear balance function can also be assessed 
using a rotational vestibular test. 


Radiology 


Axial and coronal computed tomography (CT) scans of the 
temporal bone are necessary in all patients with atresia as well 
as those with severe stenosis of the external auditory canal. 
In the latter group, radiographic studies are important in exam- 
ining for possible cholesteatoma formation. High-resolution, 
thin-cut (1.5mm) imaging modalities form the standard for 
evaluation of congenital atresia. CT scans provide information 
on the position of the facial nerve. Special attention is focused 
on its relationship with the oval window (i-e., normally posi- 
tioned or overhanging) and the position of its vertical segment. 
Anterior displacement of the vertical segment of the nerve 
restricts access to the middle-ear space, reducing the chance for 
a successful hearing result from surgery and increasing the risk 
of facial nerve injury. In addition, the extent and type of the 
atretic plate as well as ossicular and inner ear development, and 
the pneumatisation of the middle ear and mastoid can be exam- 
ined. Rarely, an abnormality of the horizontal semicircular 
canal or vestibule is seen. This finding may suggest an abnormal 
communication between the perilymph and the cerebrospinal 
fluid (CSF). In such cases, manipulation of the stapes should be 
minimised to avoid the potential complication of a CSF gusher. 
Three-dimensional CT may aid in their visualisation and can 
be used to view the radiographic reconstruction from the surgi- 
cal position (21,22). Also, stereolithographic model recon- 
struction from CT has been used for the assessment and the 
surgical planning in CAA (23). 

The CT scan may be obtained after birth or at the time of 
surgical repair. Although studies at an early age are rarely 
applicable to immediate rehabilitative plans, they may be 
important to establish the syndromal aetiology. Periodic CT 
scans are not necessary in patients with completely atretic ear 
canals, given the rarity of cholesteatoma in that setting (24). 
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Classification 


The classification of the minor middle-ear anomalies shown 
has been modified from that of Teunissen and Cremers (25) 
(Table 17.1) and was approved by the HEAR consensus group 
of the European Workgroup on Genetics of Hearing Impair- 
ment (26). This classification is based on the preoperative find- 
ings and has direct impact on the reconstruction technique 
applied. 

This classification is not based on the degree of abnormality 
but depends on the degree of fixation of the stapedial footplate or 
the presence or absence of accompanying anomalies of the other 
ossicles. Preoperative inclusion criteria are (i) age older than 
10 years; (ii) no existence of intermittent periods of secretory oti- 
tis media; (iii) performance of tonal and speech audiogram as well 
as tympanometry with contralateral stapedial reflexes completed; 
and (iv) performance of high-resolution CT scan completed. 

The further rehabilitation of patients with atresia is per- 
formed either with a surgical correction or with a bone-anchored 
hearing aid (BAHA). Atresia repair surgery should be performed 
only in carefully selected patients after a thorough investigation 
of all parameters involved. A proper selection based on stringent 
audiological and radiological criteria is obligatory. Preopera- 
tively, a complete audiometric survey is performed as well as a 
high-resolution CT scan of the temporal bones. 

The atresias are classified according a modification of the 
classification of Altmann (Table 17.2) (27). 

This classification is based on the degree of malformation 
present. Altmann (27) was the first to propose a histopatholog- 
ical classification according to the severity of the atresia. He 
divided his cases into three categories: mildly-, moderately-, 
and severely-malformed types. 


Table 17.1 HEAR-classification for ossicular malformations 


|: Isolated congenital stapes ankylosis 
Footplate fixation 
Stapes suprastructure fixation 


Il: ldem+ another ossicular chain anomaly 


Discontinuity of the chain 


Epitympanic fixation 


Tympanic fixation 


: Congenital anomaly of the ossicular chain but a 
mobile stapes footplate 


Discontinuity of the chain 
Epitympanic fixation 
Tympanic fixation 


IV: Congenital aplasia or severe dysplasia of the oval or round 
window: a- or dysplasia; crossing N VII; persistent stapedial artery 
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Table 17.2 HEAR-classification of congenital atresia 
of the external ear canal 


Type |: mild: tympanic membrane is hypoplastic; various kinds of 
ossicular malformations exist 


Type Il: moderate: atretic plate exists; tympanic cavity is within 
normal limits 


Type lla: tympanic bone is hypoplastic; course of the facial nerve is 
usually normal 


Type IIb: tympanic bone is absent; course of the facial nerve is 
abnormal 


Type Ill: severe: atretic plate is with a severely hypoplastic 
tympanic cavity 


In mild cases (type I), the tympanic membrane is still present 
but hypoplastic. The tympanic bone is normal or hypoplastic. 
Various kinds of ossicular malformations have been described. 

In moderate cases (type II), an atretic plate is present. The 
tympanic bone may be hypoplastic or absent. The course of the 
facial nerve may be abnormal; the tympanic cavity is within 
normal limits. 

In severe cases (type III), the above-mentioned abnormali- 
ties can be found in association with a severely hypoplastic tym- 
panic cavity. 

Marquet et al. (17,28,29) as well as Cremers et al. (30-32) 
further subclassified the grade II patients based on the surgical 
and functional outcome. 

Marquet et al. (17) based their subclassification of the mod- 
erate cases (type II) on Altmann’s classification scheme on the 
course of the facial canal in its third segment, the morphology 
of the atretic plate, the presence or absence of a tympanic bone, 
and the distance between the glenoid cavity and the anterior 
surface of the mastoid. The surgical outcome was highly related 
to the proposed subclassification (33). 

In type Ila, the course of the facial nerve is normal in its 
third segment. The tympanic bone is present but is hypoplastic 
or dysmorphic. The morphology of the atretic plate demon- 
strates the presence of an upper part formed by the squamous 
bone and an inferior one formed by the malformed tympanic 
bone. This inferior bony ledge extends laterally off the scutum 
of the squamous bone. The distance between the glenoid cavity 
and the mastoid is within normal limits. 

In type IIb, the course of the facial nerve is more anteriorly 
situated in its third segment. The tympanic bone is virtually 
absent. The atretic plate constitutes an upper part formed by 
the squamous bone and an inferior one formed by a bony ledge, 
extending from the otic capsule. This bony lamella is very thin 
and never extends lateral to the scutum of the squamous bone. 
In between, there is often a fibrous ledge containing the facial 
nerve. Also, a hyperplastic Reichert’s cartilage may be present 
here. The distance between the glenoid cavity and the mastoid 
is significantly diminished. 


Cremers et al. (30) also reported an additional classification 
of type II cases in Altmann’s classification scheme, depending 
on the thickness of the atretic plate. This subclassification 
proved to be useful in predicting the postoperative hearing 
level. In type Ila, there is total bony atresia over only a part of 
the length of the canal or the canal is partially aplastic and ends 
blindly with a fistula tract, sometimes leading to a rudimentary 
tympanic membrane (30). 

For radiological criteria, the scoring system defined by 
Jahrsdoerfer et al. (34) is recommended. 


Results 


The surgical results of ossicular malformations without atresia 
are quite good (25). With the exception of severe dysplasia or 
aplasia of the oval and/or round window, (group IV), a postop- 
erative air-bone gap of 20dB or below was found in 72% of the 
operated cases. 

A meta-analysis of the surgical results on atresia surgery 
showed a mean hearing gain of 20 to 25 dB in atretic type I] and 
30 to 35dB in atresia type I cases (35). Surgical correction is 
recommended only if postoperative hearing better than 25 to 
30dB can be achieved. The long-term results remain almost 
unchanged (30). Most frequently, the anterior approach is used 
to open the atretic plate. This type of surgery can be performed 
from the age of five to six years. In the literature, no agreement 
can be found for the surgery of unilateral cases: Some surgeons 
will not operate on these cases, whereas others wait until the 
age of 18, so that the patient himself/herself can decide. 

Less-favoured patients should be helped by BAHA. The 
results of BAHAs show not only a hearing gain in 89% but also 
better comfort when compared to classical bone-conduction 
hearing aids (36). Also, the speech recognition scores are much 
better (37,38). Owing to the requirements concerning the 
thickness of the cortical bone and its composition, the age limit 
for implantation has been set around two to three years in most 
centres (38). In children, this comprises a two-stage procedure 
performed under general anaesthesia: In the first stage, the tita- 
nium fixtures are placed in the bone at the mastoid (usually 
two), and at least three months later after osseointegration has 
taken place, the fixtures are liberated. The implant can be 
loaded two weeks after. 


Medical management 


The otological surgeon is usually alerted to the possibility of an 
atresia by the obstetrician or paediatrician shortly after birth. 
Quite often, the parents have some guilt about a particular inci- 
dent or practice, and it is important to ascertain if this is 
the case so that these fears can be alleviated (39). During 
early infancy, the child should be evaluated in a complete and 


thorough fashion to determine the need for amplification. 
Genetic counselling is equally important to establish the aeti- 
ology and to rule out associated anomalies in other organ sys- 
tems. During early childhood, it is important to monitor both 
ears for the presence of otitis media. Especially in cases with 
unilateral atresia, the normal ear should be regularly followed 
up to exclude otitis media with effusion. If this is present, 
prompt medical and/or surgical therapy is needed. Also, the 
atretic ear may be involved and may exhibit signs of acute oti- 
tis media. If the atretic ear is suspected of having acute otitis 
media, prompt antibiotic treatment should be initiated to min- 
imise the risk of complications such as coalescent mastoiditis or 


subdural abscess (40). 


Unilateral atresia 


Medical intervention is not necessary in the infant discovered 
to have unilateral atresia. Paediatric audiometry should be per- 
formed to confirm that the child has normal hearing in the 
other ear. The parents are then reassured that speech, language, 
and intellectual development will proceed normally. As the 
child enters school, preferential seating is advised, but rarely is 
a hearing aid recommended because of poor acceptance by most 
children. In classrooms with unavoidable background noise, an 
auditory trainer can be helpful. Teenagers and adults often find 
the consequences of unilateral hearing loss from atresia to be a 
significant problem in social settings and at work, and they may 
more readily accept a hearing aid. However, a bone-conduction 
hearing aid is rarely helpful. If the canal is only stenotic, an air- 
conduction aid is preferred because of cosmetic considerations, 
better sound localisation, broader frequency response, and less 
sound distortion. Also, a contralateral routing of signal 
(CROS) system, possibly mounted in a spectacle frame, can be 
proposed in selected cases. 


Bilateral atresia 


In infants with bilateral atresia, amplification as early as the 
third month of life is essential. Auditory training should begin 
at six months of age (2). The initial medical and audiometric 
evaluations can be completed within the first few months of 
life, and a bone-conduction hearing aid fitted soon after. In 
children, a conventional bone-conduction hearing aid consist- 
ing of an electromagnetic vibrator pressed against the mastoid 
process on one side of the head by a steel spring or headband is 
the sole option. With the latest addition to the BAHA system, 
the BAHA Softband, even the youngest children who need 
amplification by bone conduction can be helped (41). The 
Softband is an elastic band with a BAHA sound processor con- 
nected to a plastic snap connector disk sewn into the band. The 
band has a Velcro fastening that enables it to be easily adjusted 
to fit the size of the baby’s head. The results of this transcuta- 
neous transmission are comparable with those of conventional 
bone conductors. In this application, the more powerful BAHA 
Classic is more appropriate than the BAHA Compact. 
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Scientific research shows that bilateral bone-conduction 
hearing aids mounted on spectacles are not feasible in young 
children, especially if the pinnas are malformed: Often there is 
insufficient support for the frame due to anotia or microtia. The 
conventional bone-conduction hearing aid may have a number 
of disadvantages. To function properly, the transducer of the 
bone conductor must be pressed very firmly against the skull. 
This can lead to skin irritation and ulceration. The body-level 
receiver, which is usually worn under the clothes, may provoke 
unwanted background noise. These children will remain 
deprived of bilateral speech “cues.” However, there is experi- 
mental evidence that the auditory system is able to adapt in 
some way to binaural inputs even after childhood (42-44). 


Surgical management 


Since 1843, when Thomson published the first attempt of an 
operative treatment for CAA (45), much work has been done 
to improve the surgical technique and many authors have pub- 
lished their techniques. The surgical management is aimed at 
obtaining functional hearing gain and establishing an appropri- 
ate auditory canal eventually for the application of hearing aids. 
Surgical correction of hearing is a one-stage procedure. How- 
ever, revision surgery is often needed (25-50%) (2,39). 


Atresia repair surgery 


Selection criteria 
Accurate preoperative assessment is essential in determining 
surgical candidacy, because only 50% of patients with aural 
atresia are candidates for repair (34). 

Jahrsdoerfer et al. (34) have developed a grading system 
(Table 17.3) based on preoperative temporal bone CT and auricu- 
lar appearance to aid in patient selection for surgical correction. 


Table 17.3 Selection criteria 


Parameter Points 
Stapes present 2 
Oval window open 1 
Middle ear space 1 
Facial nerve 1 
Malleus/incus complex 1 
Mastoid pneumatisation 1 
Incus-stapes connection 1 
Round window 1 
Appearance of external ear 1 
Total available points 10 
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In their system, there is a maximum score of 10 points. The 
total score aids in determining whether the patient will benefit 
from surgery to correct the hearing mechanism. A patient with a 
score of 5 or less is not a suitable candidate. This grading system 
correlated well with the degree of hearing improvement achieved, 
because 80% of patients with scores of 8 or higher had a postop- 
erative speech-reception threshold of 25dB or greater (46). 
Patients with syndromes involving craniofacial maldevelopment 
(Treacher Collins or hemifacial microsomia) are considered poor 
surgical candidates. In these and other familial syndromes, the 
middle ear is usually poorly developed and the surgical grade is 
often 5/10 (poor or marginal candidate) or worse. 


Unilateral vs. bilateral atresia repair 
Although most otological surgeons would consider atresia repair 
in bilateral cases, many are reluctant to operate on unilateral 
atresias. This reluctance is based on expectations of hearing 
recovery and the potential morbidity of the surgery (Fig. 17.1). 
In patients with unilateral aural atresia, the operated ear 
should compete against the good hearing threshold in the 
other, normal ear. A patient with a unilateral congenital ear 
defect will only benefit materially from middle-ear surgery if the 
hearing is sufficiently improved to provide binaural hearing. 
The patient with a unilateral conductive loss must be made to 
understand what he or she can expect from successful surgery. 
He or she will be able to hear stereo music, tell the direction of 
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Figure 17.1 Glasgow benefit plot for unilateral and bilateral aural atresias. In 
this plot, surgical success for aural atresia has been defined as a postoperative 
hearing level better than 30dB HL. If the preoperative hearing level is about 

60 dB HL, the surgical procedure will be successful only if the hearing gain is 
more than 30 dB. However, as pointed out in Table 17.5, a hearing gain of only 
20 to 25aB is more realistic. The dashed arrow at the left represents a unilateral 
case with a functionally unsuccessful operation, whereas the dashed arrow at 
the right demonstrates a favourable bilateral case with an acceptable 
postoperative hearing gain. Source: From Ref. 35. 


sound, and will hear more readily in a situation where there is 
background noise; in a quiet room, on a one-to-one basis, no 
appreciable difference would be noted. 

Evidence indicates that children with unilateral hearing 
loss from any cause may be at the risk of delayed language devel- 
opment, attention deficit, and poor school performance (47). 
Speech recognition in patients after successful surgery for uni- 
lateral ear anomalies seems to be satisfactory although poorer 
than that of the normal ears (44). Dichotic listening tests have 
revealed a nonatretic ear advantage in postoperative unilateral 
atresia patients, suggesting a sensitive and critical period for 
aural development before the age of five years (48). 

Patients with bilateral atresia present less of a surgical 
dilemma. The surgeon has to compare the expected hearing 
improvement following surgery with the rehabilitation using a 
bone-conduction hearing aid (conventional or bone- 
anchored). The goal in these individuals is to restore sufficient 
hearing so that amplification is no longer needed. Therefore, 
the “better” (as determined on CT scan evaluation) ear is 
selected for the initial surgical procedure. 


Timing of surgery 
Timing of surgical repair depends on whether unilateral or bilat- 
eral aural atresia is present. 

The vast majority of authors agree that surgery for bilateral 
atresia of the external meatus should not be carried out before 
the age of five-to-six years and they point out that surgical 
treatment of younger patients is justified only if complications 
such as cholesteatoma are present. By this time, accurate audio- 
metric tests can be obtained, pneumatisation of the temporal 
bone is well advanced, and the children are capable of cooper- 
ating with postoperative care. Although most surgeons are 
comfortable operating on the first ear of a child with bilateral 
atresia as he or she approaches school age, some are reluctant to 
recommend surgery at that age in unilateral cases. Delay until 
adulthood, when the patient can make his or her own decision, 
is then recommended. 


Timing of microtia repair 
According to Jahrsdoerfer (2), what really matters is the coop- 
eration and dialogue between plastic and otological surgeons, 
and the willingness to integrate their ideas and surgical needs 
for the good of the patient. 

Bellucci (19) and Marquet (28) believed that atresia repair 
should precede microtia repair. It was their belief that the open- 
ing in the mastoid could only be made precisely when the orig- 
inal position of the auricular remnant and _ the 
temporomandibular joint was known. Furthermore, it was 
believed that there would be less manoeuvrability of the skin 
and access to the middle ear would be limited. However, 
Aguilar and Jahrsdoerfer (49) demonstrated that the auricular 
framework could be sufficiently manoeuvred to align the mea- 
tus and the new canal. Auricular reconstruction should be 
performed first in order to preserve the integrity of the 
blood supply. 


Cholesteatoma 

A patient with CAA and chronic otorrhea or cholesteatoma 
requires surgery for eradication of the disease to prevent further 
complications, regardless of the potential for hearing improve- 
ment. Should there be a draining fistula or trapped cholesteatoma, 
surgical intervention is warranted immediately. Congenital aural 
stenosis (canal opening of 4mm or less), as compared to CAA, 
carries a much greater risk of cholesteatoma. 

According to Cole and Jahrsdoerfer (50), a bony ear-canal 
opening of 2mm or less puts the patient at a risk of 
cholesteatoma formation. In their study, 91% of the ears with 
a stenosis of 2mm or less had developed a cholesteatoma at 
12 years of age. Surgery is recommended for patients with 
stenosis of the external ear canal measuring 2 mm or less. The 
appropriate time is late childhood or early adolescence, before 
irreversible damage has occurred. 


Surgical techniques 
There are three surgical approaches to the creation of a new 
external auditory canal: 

Anterior approach: This method requires the removal of 
the atretic plate before the middle ear is reached. Dissection 
begins along the linea temporalis immediately posterior to the 
temporomandibular joint. The mastoid cells are not opened 
and the posterior wall of the external auditory canal is pre- 
served. The dura mater at the tegmen tympani superiorly and 
the glenoid fossa anteriorly are the key landmarks in this 
approach. These are followed medially through the atresia plate 
into the epitympanum, allowing the identification of the ossi- 
cles. This approach avoids injury to the variably located verti- 
cal portion of the facial nerve, as long as the dissection is 
carried out in an anterosuperior manner, with entrance into the 
epitympanum prior to the exposure of the mesotympanum. The 
atretic plate is delicately removed with diamond burrs and 
curettes to avoid acoustic trauma to the inner ear from drill 
vibration. The abnormally located facial nerve is most com- 
monly found in the inferoposterior portion of the atretic plate, 
lateral to the middle-ear space. 

Transmastoid approach: This method employs a posterior 
approach to the middle ear and atretic plate. Dissection begins 
along the linea temporalis over the region of the mastoid cav- 
ity. The dura mater of the middle fossa, the sigmoid sinus, and 
the sinodural angle are used as landmarks. Following these 
medially, the mastoid antrum is entered, allowing identification 
of the horizontal semicircular canal and atretic plate. If possi- 
ble, the facial nerve should be identified. The atretic plate is 
removed, exposing the mesotympanum. The facial ridge is low- 
ered, creating an open mastoid cavity. The cavity must be cen- 
tred either on the lateral semicircular canal or on the stapes: 
The hypotympanum is usually never revealed (17). 

Modified anterior approach: Marquet et al. (17) and also 
Molony and De la Cruz (51) used a combined method. First, the 
mastoid at the antrum was opened to identify the short process 
of the incus. Then the bone immediately anterior to the mas- 
toid was drilled away to obtain a new external auditory canal, 
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preserving an intact bony wall between the mastoid cavity and 
the newly formed canal. The approach can be compared with 
an intact canal wall-like procedure. 


Surgical results 

Surgical results are difficult to compare because the selection 
criteria for surgery are quite divergent, leading to considerable 
differences between patient populations. 

Moreover, every surgeon uses his own audiological criteria 
to define their operation as a surgical success (Table 17.4). 

Although the kind of approach is readily defined, the surgi- 
cal details differ considerably between different surgeons. To 
make meaningful comparisons of outcome, a consensus should 
be reached on the criteria for audiological success. A successful 
operation can reasonably be defined as one that obviates the 
need for a hearing aid. Even for such a criterion, differences of 
interpretation can be found: average hearing threshold level 
better than 30 to 35 dB (32) or than 20dB (9). 

The reported surgical successes are summarised in Table 17.5. 

Although these results are not really comparable, it seems 
obvious that the audiological results are not very encouraging 
in the ears with more severe atresia. The variability of hearing 
improvement depends on the severity of the malformation. 
Whether the aura atresia is unilateral or bilateral does not 
influence the results (67). 

However, even in the hands of the best surgeons, a mean 
hearing gain of about 20 to 25dB is attained in atresia type II 
(Altmann classification) and 30 to 35 dB in type I. The mean 
hearing gain with atresia repair surgery seems to be somewhat 
better in less severely malformed ears. The more favourable 
cases usually have better preoperative hearing. As demon- 
strated on a Glasgow benefit plot (Fig. 17.1) (68), the combi- 
nation of these factors leads to the conclusion that atresia 
repair surgery should be done only in very selected patients 
after a thorough investigation of all parameters involved 
(age, anatomy, uni-/bilateral, hearing status, etc.): Only the 
most favourable cases may sufficiently benefit from that kind of 
surgery. 

Although some authors argue that the surgical results 
are only temporary and decline after some years, long-term 
results of Cremers and Teunissen (67), Marquet et al. (17), and 
Jahrsdoerfer and Hall (69) clearly demonstrate the stability of 
the postsurgical hearing results. 


Table 17.4 Methods of assessing surgical success 


Closure of air-bone gap Surgical success of the procedure 


Hearing gain Lessening of monaural disability 


Socially acceptable hearing 
(HL <30qB) 


Lessening of bilateral aural 
disability 


Glasgow benefit plot Degree of benefit for the patient 
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Table 17.5 Surgical results in congenital atresia surgery 


Author 


Gill 


Ombrédanne 
Wigand 
Jahrsdoerfer 


Pulec and 
Freedman 


Nager and 
Levin 


Belluci 


Portmann and 
Le Grignou 


de la Cruz 
Chiossone 


Mattox and 
Fisch 


Lund 

Manach 
Cremers 
Marquet 


Lambert 
Cremers 


Jahnke and 
Schrader 


Minatogawa 
Schuknecht 


Molony and 
de la Cruz 


Federspil 


Jahrsdoerfer 
Helms 
Tjellstrom” 
Zhao 


Reference 


By 


34 


66 


Publication 
year 


1969 


1970 
1975 
1978 
1978 


1980 


1981 
1982 


1985 
1985 
1986 


1987 
1987 
1987 
1988 


1988 
1988 


1988 


1989 
1989 
1990 


i992 


1992 
1998 
1998 
2005 


“Helms, 1998, personal communication. 


"Tjellstrom, 1998, personal communication. 


Note: HG, hearing gain. 


Classification 


Gill 


Ombrédanne 
Altmann 
Jahrsdoerfer 
Pulec 


Nager 


Altmann 
Ombrédanne 


de la Cruz 
Chiossone 


Altmann 
Ombrédanne 
Cremers 
Marquet 


Altmann 
Cremers 


Altmann 


Altmann 
Schuknecht 
Jahrsdoerfer 


Cremers 


Jahrsdoerfer 
Jahrsdoerfer 
Cremers 


Success criterion 


HG >30dB 


HG > 35% 
Mean HG=25dB 
<30dB HL 
AB-gap <30dB 


<30dB HL 


<30dB HL 
Mean HG 


<30dB HL 
AB-gap <30dB 
HG > 30dB 


AB-gap <20dB 
<25dB HL 
<35dB HL 
Mean HG 


Mean HG 
Mean HG 
AB-gap <20dB 


HG > 20dB 
<20dB HL 
<30dB HL 


<30dB HL 


<25dB HL 
Mean HG 
Mean HG 
HG >30 dB 


Atresia type 


Ill 


llat+b 


Patient 
number 


11 
50 
16 
600 Ears 
26 
17 
35 Ears 


23 


71 
100 Ears 


56 
12 Ears 
11 


35 Ears 
92 

36 Ears 
78 Ears 
126 Ears 
15 

33 Ears 
20 Ears 
168 


9 Ears 
55 
24 Ears 


6 

6 

12 

6 

112 

125 Ears 
37 Ears 
635 


Success rate 
(% or dB) 


22 dB 


Follow-up 
(yr) 


2-8 


= 2 


0.5 
1-6 
>2 


0.5-10 
=5 


0.5-4 


0.8 
1S 
Ue) 


Complications 

The most common anatomical complications are chronic infec- 
tion of the newly formed external auditory canal, lateral dis- 
placement of the tympanic graft or canal, and/or meatal 
stenosis. Anatomical complication rates of 20% to 60% are 
reported (9,40,70). 

Functional complications are related to labyrinthine injury 
and facial-nerve injury. High-frequency sensorineural hearing 
loss due to noise trauma is quite common, whereas accidental 
labyrinthine fenestration is rare. Despite anomalous positions of 
the facial nerve, injury to the nerve is rare, with most series 
reporting no injury or an infrequent transient paralysis. Facial- 
nerve monitoring in surgery for CAA is obligatory (71). 


Bone-conduction implant surgery 


Based on the experience with dental implants, the idea of insert- 
ing titanium implants into the temporal bone for fixation of a 
hearing aid by bone conduction was raised. The concept of 
direct bone conduction was introduced by Tjellstrém et al. (72) 
and is achieved by using a skin-penetrating coupling from an 
osseointegrated titanium implant in the mastoid bone to an 
impedance-matched transducer that the patients can apply and 
remove at will. Long-term results have been published from cen- 
tres in Goteborg (73), Nijmegen (74), and Birmingham (75). 

Another clinical application of these implants in the tem- 
poral bone is the fixation of an auricular prosthesis. Four differ- 
ent systems are now in the market: Divino, Classic 300, 
Compact, and Cordelle II. 


Selection criteria 

Otological criteria 

Patients with congenital malformations of the middle/external 
ear or microtia are good candidates for implant surgery, espe- 
cially those with a good cochlear function. In particular, it is a 
valuable alternative in those patients for whom reconstructive 
surgery for ear canal atresia cannot be performed. Chronically 
draining ears, which do not allow the use of an air-conduction 
hearing aid, can be helped with a BAHA. Patients with a 
single-sided deafness combined with contralateral conductive 
hearing loss due to ossicular disease are also candidates for a 


BAHA. 


Audiological criteria 

The average bone-conduction thresholds (0.5—-4 kHz) should be 
better than 45 dB HL for an ear-level or better than 60 dB HL 
for a body-worn hearing device. The speech recognition score 
should be better than 60%. 

The Divino is suitable for people with bone-conduction 
thresholds of the indicated ear better than or equal to 45 dB HL 
(measured at 0.5, 1, 2, and 3kHz). Additionally, patients with 
unilateral, profound sensorineural hearing loss in the indicated 
ear with normal contralateral hearing (as defined by 20dB HL 
air-conduction pure-tone average) may also benefit from the 
Divino sound processor. 


Congenital middle and external ear anomalies 
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The Classic 300 is suitable for patients with a pure-tone 
average bone-conduction threshold in the indicated ear better 
than or equal to 45dB HL (measured at 0.5, 1, 2, and 3kHz.) 
This enables patients with air thresholds down to 105dB HL 
to be successfully treated (60dB air bone gap+45dB bone 
thresholds). 

The Compact is suitable for patients with a pure-tone 
average bone-conduction threshold in the indicated ear better 
than or equal to 45dB HL (measured at 0.5, 1, 2, and 3 kHz.) 
This enables patients with air thresholds down to 105 dB HL to 
be successfully treated (60dB air-bone gap+45dB bone 
thresholds). 

The Cordelle II is recommended for patients who have the 
same indications as those described for the other BAHA 
devices but when they are “too weak.” The output from the 
Cordelle II is on an average 13 dB stronger than the Classic 300 
(measured at 0.5, 1, 2, and 3 kHz). 


Age criteria 

BAHAs have been implanted in children as young as two years 
of age (37). At Nijmegen, only children older than 10 years 
were initially implanted, although recently the age limit also 
was decreased to five years. Also, Hamann et al. (76) start with 
implantation at five years. 


Psychosocial criteria 

The patient needs to have realistic expectations and a reason- 
able social support. Patients should be able to maintain the 
abutment/skin interface of the BAHA. 


Anatomical and biological criteria 
Diseases that might jeopardise osseointegration are a formal 
contraindication for implant surgery. 


Surgical technique 

Initially, it was described as a two-stage procedure with an inter- 
val of three to four months, allowing for osseointegration to start 
before a load was applied. The single-stage technique was first 
suggested by Tjellstrém et al. (77,78) shortly after the Nijmegen 
group (79) developed their own single-stage technique. Simulta- 
neously, a single-stage technique has evolved in Birmingham 
(80). The two-stage procedure is still in use for children under 
the age of 10 years and older individuals with poor cognitive 
skills (39,81). The surgical procedure is well tolerated under local 
anaesthesia with minor sedation except in children who undergo 
the procedure under general anaesthesia. For the placement of 
the fixtures, surgical equipment specially designed by Branemark 
is needed. After healing (about three months), the external hear- 
ing aid may then be attached to the bone-anchored implant. 


Results 

The application of BAHAs in patients with congenital atresia 
resulted in, marginally, the best free-field thresholds and speech 
discrimination as compared to other BAHA users (74,81-83). 
All studies report that the audiometric benefit from BAHAs is 
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clearly greater than that from conventional bone-conduction 
hearing aids. 

In a 10-year follow-up study by H&kansson et al. (36) on 
114 patients, 89% of the patients reported improved hearing 
and 95% reported improved comfort when compared to their 
old device. For the patients, improved sound quality, aesthetic 
appearance (no steel spring), physical comfort (no constant 
pressure against the skin), and practical handling (single- 
housing construction and stable position) as compared to a 
bone-conduction hearing aid seemed to be equally important. 
Also, in relation to feedback, the BAHA was more popular 
(84). This improvement is due to less distortion, particularly in 
the low frequency range and/or due to the direct coupling to the 
bone. Hakansson et al. (36) found an improvement of 10 to 
20dB in thresholds, in Békésy audiometry, when skin penetra- 
tion was performed (in the frequency range 600-6000 Hz). The 
BAHA was also evaluated in 65 patients by Snik et al. (38). 
These authors found an improvement in hearing threshold 
(pure tones) of 15 to 20dB. Also, Powell et al. (37) found better 
free-field warble-tone thresholds in children. 

In the majority of patients who previously used a conven- 
tional bone conductor, significantly improved speech recogni- 
tion scores were found (38). The speech recognition score in 
noise improved from 50% to 75%. Also, Powell et al. (37) 
found an improvement in speech recognition tests in 50% of 
children with congenital hearing loss. 

Mylanus et al. (84) concluded in their study that the 
BAHA is also a highly acceptable alternative for air-conduction 
hearing aids. However, when comparing BAHA with air- 
conduction hearing aids, a break-even point occurs at an 
air-bone gap of 25 to 30 dB: Patients with a lesser air-bone gap 
may feel a possible deterioration in speech recognition. If the 
air-bone gap was larger than 30dB, better speech reception was 
obtained with a BAHA in the majority of patients. Further, 
Browning and Gatehouse (85) found ambiguous results when 
comparing BAHA with air-conduction devices. Hakansson 
et al. (36) reported on the subjects’ assessment of BAHA as 
compared to their previous air-conduction aid and found no 
significant difference in sound quality, aesthetic appearance, 
practical handling, or physical comfort. 

In children with previous air-conduction aids, the speech 
recognition was better in 71% whereas 29% had the same 
results as with their BAHA (37). Also, a majority of children 
felt BAHA to be more effective for hearing in noisy as well as 
in quiet conditions. 

Van der Pouw et al. (44) examined the effect of bilateral fit- 
ting of BAHAs. Compared to unilateral fitting, speech recogni- 
tion with bilateral BAHAs showed a significant improvement 
in quiet and, to a lesser extent, in noise. With bilateral fitting, 
the improvement of the speech-reception threshold in quiet 
was 5.4 dB (86). In addition, sound localisation improved (44). 
In patients with bilateral inoperable CAA, application of bilat- 
eral BAHAs is the only means for them to receive binaural cues 
because fitting a conventional bone conductor mounted in 
spectacles is often troublesome in children and adults if the 


pinnas are malformed. According to Thomas (87), postopera- 
tive training improves auditory speech recognition and needs to 
be followed by speech training. 


Complications 

Intraoperative complications are the inadvertent penetration of 
the lateral venous sinus or the inadequate thickness of bone. 
The most serious complication is loss of the osseointegrated fix- 
ture from its placement at the skull. Loss of fixture is reported 
in 3% to 10% of the cases (45,65,78,79,81). 


Conclusions 


Aural atresia surgery is mostly performed to alleviate a patient’s 
hearing disability and seldom to manage pathology. Surgical 
management is usually aimed at obtaining functional hearing 
gain. Assessing the real benefit from surgery is, unfortunately, 
much more complicated than we usually realise. Owing to the 
fact that aural atresia surgery is considered one of the most 
difficult forms of ear surgery, it is very tempting to the less- 
experienced surgeon to consider a BAHA to be the best and 
most accessible solution for patients with aural atresia. This 
dilemma also reflects the differences between surgical teams, 
regarding selection criteria and the criteria for surgical success. 
Review of the literature demonstrated large differences in the 
interpretation of this term. However, even in the hands of the 
best surgeons, a mean hearing gain of only 20 to 25dB is 
attained in atresia type II and 30 to 35dB in type I. The more 
favourable cases usually also have better preoperative hearing. 
Therefore, atresia repair surgery is worthwhile if proper patient 
selection is done using stringent audiolometric and radiographic 
criteria. A postoperative air-bone gap of less than 25 to 30dB 
should be pursued. The combination of these factors leads to the 
conclusion that atresia repair surgery should only be done in 
very selected patients after a thorough investigation of all para- 
meters involved (age, anatomy, uni-/bilateral, hearing status, 
etc.). Only the most favourable cases may benefit sufficiently 
from this kind of surgery. Less-suitable patients should be helped 
with BAHAs because this type of surgery does not interfere with 
the future use of new techniques. 


‘Cochlear implantation 


in genetic deafness 


Introduction 


In this chapter, we will discuss cochlear implantation (CI), 
which is now widely employed in the rehabilitation of many 
forms of genetically determined deafness. We will point out the 
difficulties that may be encountered in implanting various inner 
ear dysplasias, the risks that might be encountered, and results 
that might be expected. We also look at the outcomes that one 
might reasonably hope for in the largest group of implanted 
children, those with recessively inherited connexin 26 muta- 
tion. The genetic causes of deafness are many and the numbers 
of individuals with the less common syndromes who have 
received Cl are small; so information about outcomes in specific 
conditions is still scanty, if it exists at all. With the current state 
of our knowledge, therefore, this chapter must of necessity be 
somewhat rudimentary. Nevertheless, generalisations can be 
made about the pattern of phenotype that is likely to predict 
good or bad outcomes. The risks associated with comorbidity in 
certain deafness syndromes are touched upon. Finally the 
indications for the auditory brainstem implant (ABI) are 
discussed for that small group of patients who are not suitable 


for Cl. 


Background to Cl 


CI has evolved over the last two decades as a remarkably suc- 
cessful component of the rehabilitation of certain individuals 
with a severe-to-profound bilateral cochlear hearing loss. Such 
hearing loss is usually the result of hair cell loss in the organ of 
Corti and the causes are many. In the normal inner ear, the 
organ of Corti acts a transducer that converts the travelling 
wave in the inner ear fluids to electrical activity in the cochlear 
nerve; this then progresses through the brainstem centres of the 
auditory pathways to the higher centres, the primary auditory 
cortex and the association areas. The process of transduction is 


performed by the hair cells. Shearing forces on the stereocilia 
cause alteration in the properties of the hair cell membranes 
and synaptic transmission to the dendrites of the first-order 
neurone, the cell bodies of which constitute the spiral ganglion. 
The ganglion is situated in the modiolus of the cochlea. Its cen- 
tral axons pass through the lamina cribrosa to form the cochlear 
nerve, which passes through the internal auditory meatus 
(IAM), traverses the cerebellopontine angle, and joins the 
brainstem, where its fibres synapse with the second-order 
neurones in the dorsal and ventral cochlear nuclei. 

The cochlea has a very elegant tonotopic arrangement by 
means of which sounds of a progressively lower frequency are 
perceived as one passes along the cochlea from the oval window 
toward the helicotrema. The main determinant of pitch in the 
normal inner ear, therefore, is the point along the cochlear par- 
tition where maximum depolarisation of the hair cells occurs. 
This in turn is defined by the peak of the travelling wave. In 
addition, some frequency information is conveyed by alteration 
in the rate of stimulation of the cochlear nerve, especially at 
low frequencies. The cochlear nucleus on the other hand does 
not have such a clearly defined tonotopic map, and this has 
some significance when we consider the use of the ABI in the 
rehabilitation of certain cases of total hearing loss. 

Until the development of the cochlear implant, the treat- 
ment of severe-to-profound sensorineural deafness was based on 
the use of high-powered hearing aids, lipreading, and signing. 
Adults deafened in adult life have acquired and retained lan- 
guage, although there might with time be some degradation in 
their speech. Children born deaf or deafened in the first years of 
life, however, have had no access to sound and have usually 
acquired very little in the way of spoken language; they may 
have faced a life of social, educational, and professional isola- 
tion and often economic hardship. The cochlear implant has 
changed things in a quite spectacular manner and has trans- 
formed the lives of many thousand deaf people since its intro- 
duction about 20 years ago. 
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The cochlear implant, in effect, takes the place of the defi- 
cient organ of Corti by introducing electrical stimuli into the 
auditory system where they can be interpreted by the brain as 
sound. A multichannel electrode array is inserted into the 
cochlea, usually into the scala tympani, and coils round in the 
cochlea for a distance of 25 mm. The array in most frequent use 
worldwide has a series of 22 electrodes mounted on a silastic 
carrier. The stimulation strategy takes advantage of the tono- 
topic arrangement of the cochlea. The most distal electrodes 
deliver low-frequency information and those in the basal turn 
deliver high frequencies. It is probable that the electrodes 
stimulate the spiral ganglion cells or possibly surviving distal 
dendrites and performance with the implant is related to the 
ganglion cell population. The implanted component of the 
system also comprises a receiver coil that picks up the incoming 
signal from the external transmitter and a stimulator contain- 
ing a microchip that directs electrical stimuli to the appropriate 
electrode at a rate that may be as high as 90,000 times per 
second. 

The internal component is inserted during an operation 
that usually takes about one to two hours. The middle ear is 
entered through a transmastoid facial recess approach and a 
small cochleostomy is drilled in the promontory just in front of 
the round window to allow access to the scala tympani of the 
basal turn. The electrode is threaded in and the receiver stimu- 
lator is located in a shallow bony well in the skull just above 
and behind the pinna. The external component comprises a 
microphone, a signal processor, and a transmitter that sends the 
processed signal through the skin to the internal component 
encoded on to a radiofrequency carrier wave. 


Cl in adults 


The first patients to receive implants were adults who had lost 
their hearing after childhood and had already acquired normal 
speech and language. Cochlear deafness in this group is the 
result of acquired pathology such as ototoxicity, otosclerosis 
(OTSC), Meniére’s disorder (MD), meningitis, head injury, 
chronic middle ear disease, autoimmune inner ear disease, and 
surgery. In some cases, the cause is not readily identifiable and 
some of these represent a genetically determined progressive 
pathology. Assuming good patient selection, the majority of 
these recipients acquire good open set speech recognition and 
are able to use the telephone to a greater or lesser extent. They 
rapidly become socially integrated, get back their indepen- 
dence, and progress professionally. So good have been the 
results that the candidacy criteria are constantly changing 
and now include subjects with quite reasonable aided speech 
recognition. 

Some of the conditions leading to deafness in adults may 
have a clear genetic basis or a genetic predisposition notably 
OTSC, aminoglycoside ototoxicity, some of the autoimmune 
disorders, and probably some cases of MD. 


Otosclerosis 


OTSC is an osseous dyscrasia of the temporal bone. Familial 
OTSC usually exhibits autosomal-dominant inheritance with 
reduced penetrance and variable expression (1). Linkage analy- 
sis has identified seven loci (OTSC1I-—OTSC7) of which four 
are published and three are reserved (2,3). The specific genes 
within these loci have not as yet been identified or cloned. In 
addition, there is emerging evidence that postnatal exposure to 
paramyxoviruses, particularly measles, in sporadic or genetically 
predisposed individuals is part of the process leading to clinical 
OTSC (4-6). Most cases present with a conductive hearing loss 
that may be managed by stapes surgery, but, in severe retrofen- 
estral disease, there may be a profound cochlear loss, and this 
group may be candidates for CI. There are surgical issues that 
are specific to OTSC. There may be partial obliteration of the 
scala tympani by otosclerotic bone necessitating a drill-out, but 
usually the extent of new bone formation is confined to the first 
few millimetres of the basal turn and the problem is easily 
solved and insertion of the electrode array is not difficult. More 
of an issue is the spread of current from the array through 
the otospongiotic bone of the otic capsule to the facial nerve 
causing twitching of the face. This is most likely to be caused by 
electrodes close to the first genu of the nerve. It is managed by 
removing the rogue electrodes from the map but, as time goes 
by, it is not uncommon for more and more electrodes to have to 
be deactivated, as demineralisation of the otic capsule proceeds, 
so that eventually the device may become unusable (7). The 
other problem that can occur is result of osteolysis and cavita- 
tion in the petrous bone; the electrode may become displaced 
out of the cochlea into a cavity or into the internal audito- 
rycanal (8). 


Susceptibility to aminoglycoside deafness 


Susceptibility to aminoglycoside deafness is associated with 
mutations in mitochondrial DNA. Mutations in the 12SrYRNA 
gene account for the majority of cases, usually the Al555G 
mutation. These mutations are most commonly encountered in 
familial cases in China and South East Asia when compared to 
sporadic cases (9). These cases are usually associated with 
severe hair cell loss but usually with good preservation of the 
spiral ganglion population and do very well with CI. 

The other nonsyndromal mitochondrial deafness gene 
identified is MT RNRI (3). As expected, both types are char- 


acterised by maternal inheritance. 


Mitochondrial syndromes 


Mitochondrial syndromes associated with sensorineural hearing 
loss include the following: 


Mitochondrial encephalopathy, lactic acidosis, and stroke- 
like episodes syndrome 
Maternally inherited diabetes and deafness MT-CO3 


syndrome 


Kearns-Sayre (KSS syndrome) 
Chronic progressive external ophthalmoplegia (MT-NDS) 


The inner ear changes in these syndromes appear to be ini- 
tially confined to the outer hair cells in the basal turn, but hair 
cell loss is progressive and it is possible that changes occur in 
the spiral ganglion cells at a later stage although the histologi- 
cal evidence is scanty. Only a small number of patients with 
syndromal mitochondrial deafness have received cochlear 
implants, so information is relatively scanty, but the majority 
have good open set speech recognition (10). 

MD is an inner ear disorder with a proposed genetic and 
autoimmune aetiopathogenesis. Studies by Morrison et al. sug- 
gest that many human leukocyte antigen-A, -B, -C, and -DR 
alleles are either associated with the condition or confer pro- 
tection against it (11). End-stage MD may be characterised by 
a profound bilateral hearing loss, and of course certain surgical 
procedures for the condition may produce a total loss of hearing 
as either a predictable (labyrinthectomy) or an unintended 
(vestibular neurectomy and saccus drainage) consequence. 
Ganglion cell survival is usually good, however, and these 
patients, who feature in any large adult cochlear implant pro- 
gram, usually do well with cochlear implants. 


Cl in children 


Implantation in children was initially very controversial, but 
has now emerged as one of the most exciting areas in the whole 
field and the one that is expanding most rapidly. The challenge 
is to use the CI to introduce the child’s auditory system to 
sound, in particular speech sounds, so that he or she can use 
these stimuli to program the auditory cortex and language areas 
and thus learn to speak normally. Early opponents declared that 
it was impossible and, that it was ethically wrong to subject a 
child to a major operation without its consent with no per- 
ceived chance of success. The arguments were vitriolic but have 
quietened down now that the success of the technique is clear. 


The critical period 


At birth, the sensory cerebral cortex can be seen as a relatively 
blank area awaiting input from the new world into which the 
baby has been delivered (12). The area that will subsequently 
be used for vision, the visual cortex, needs visual input to pro- 
gram it. If it does not receive this input within a critical period, 
that part of the cortex will be “taken over” by adjacent areas 
and cortical blindness will result, even though the eye itself may 
be functioning normally. Similar mechanisms apply in the audi- 
tory system. The part of the brain destined for primary auditory 
perception (the primary auditory cortex) lies in Heschl’s gyri in 
either hemisphere. It is found on the upper surface of the tem- 
poral lobe in the Sylvian fissure. It projects to Wernicke’s area 
for auditory linguistic processing. If the child does not receive 
the appropriate auditory input in the critical period, these areas 
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will lose their plasticity and it will be impossible later to reverse 
the process. Feral children with normal hearing, reintroduced 
into a human environment when the critical period is over, 
cannot learn speech and language. It is thus essential that if Cl 
is to have a chance of habilitating congenitally or prelingually 
deaf children, it must be carried out early. The implant stimu- 
lates the spiral ganglion cells, the cochlear nerve is activated, 
pathways are laid down in the brainstem, and the auditory cor- 
tices respond by creating complicated synaptic maps in the 
same way as in a normally hearing child. Most cochlear implant 
programmes like to implant these children at the age of two 
years or less and most of these children will, after four years of 
implant use, be able to enter mainstream schooling (13). It is 
clear that, for implantation to be successful, certain prerequi- 
sites are essential. There must be a cochlear structure into 
which one can insert an electrode, there must be a neural struc- 
ture that the electrode can stimulate (usually the spiral gan- 
glion), and there must be a cochlear nerve to conduct the 
electrical activity to the brainstem. It is also clear that the brain 
itself must be capable of dealing with the incoming signals and 
that cognitive function is sufficient for the individual to ascribe 
meaning to these signals—so-called central auditory processing. 


Deafness in children 


Profound hearing loss in children may be congenital or 
acquired. Of the acquired causes, the commonest is still menin- 
gitis, which, in addition to causing deafness, may also have a 
deleterious effect on central auditory processing. Children who 
have been through the special care baby unit are at particular 
tisk because there may be more than one contributory factor 
(e.g., prematurity, low birth weight, hypoxia, hyperbilirubi- 
naemia, renal failure, and ototoxic drugs). 


Congenital deafness 


About 80% of children with congenital hearing loss have no 
obvious bony abnormality of the inner ear, and their hearing loss 
is assumed to be due to abnormalities at a cellular level in the 
membranous inner ear. The remaining 20% have a bony dyspla- 
sia that can be demonstrated on high-quality imaging such as 
high definition computed tomography (CT) scanning or mag- 
netic resonance (MR) imaging. The inner ear abnormalities, 
whether dysplastic or nondysplastic, may be isolated or may be 
part of a multiorgan syndrome. In considering the problems spe- 
cific to implanting children with genetic deafness, it is valuable 
to consider the normal development of the inner ear (14). 
During the third week after conception, the otic placode 
appears on the surface ectoderm. This becomes invaginated to 
form the otic pit and, in turn, the otic vesicle or otocyst by the 
end of the fourth week. The vesicle divides into a ventral com- 
ponent, which gives rise to the saccule and the cochlear duct, 
and a dorsal component, which forms the utricle, semicircular 
canals, and endolymphatic duct. In the sixth week, the saccule 
forms a tubular outpocketing at its lower pole, the cochlear 
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duct. This penetrates the surrounding mesenchyme and by the 
end of the eighth week has completed 2% turns. In the 10" 
week, vacuolisation in the surrounding mesenchyme around 
the cochlear duct forms the scala tympani and vestibuli, and 
following that membranous structures such as the organ of 
Corti begin to develop in the cochlea. The semicircular canals 
appear as outpocketings of the utricle about the sixth week. The 
central portions of these outpocketings eventually become 
apposed to each other and disappear giving rise to the three 
semicircular canals. The endolymphatic sac and duct is initially 
a wide structure, but the proximal portion, the duct narrows 
about the seventh week. If there is no developmental arrest 
before the eighth week, a normal cochlea is formed (15). 

The statoacoustic ganglion forms from neural crest cells 
and cells derived from the otic vesicle. It subsequently splits 
into cochlear and vestibular components, the spiral ganglion 
and Scarpa’s ganglion. 

There is increasing interest in the genetic and molecular 
factors that drive this complicated process. Over 400 syndromes 
in which deafness is a regular or occasional feature have been 
described (16), and after more than a decade of molecular bio- 
logical analysis, around 60 recessive and 48 dominant loci have 
been identified (3). The subject has been covered in consider- 
able detail elsewhere in this book. Normal expression of the 
PAX2 and PAX3 genes is necessary for the normal development 
of the cochlea and of Nkx5 for the formation of the semicircu- 
lar canals. The FGF3 gene seems to be necessary for differenti- 
ation within the otic vesicle. The SLC26A4 (PDS) gene 
mutation results in abnormalities of the endolymphatic system 
leading to the dilation of the vestibular aqueduct as seen in 
Pendred syndrome. The EYAI gene has an important role in 
encoding transcription factors. The connexins, of which 


(A) 


connexin 26 is the most important, are controlled by at least 
three connexin genes (GJB2, GJB3, and GJB6). 

Figure 18.1A and B show the normal anatomy of the inner 
ear and IAM. 


CI in dysplastic inner ears 


From the point of view of the implanting surgeon, it is impor- 
tant to understand the malformations that may occur when the 
normal process of development is arrested even if we do not 
necessarily understand why this has happened. The best review 
of these developmental anomalies is that given by Sennaroglu 
and Saatci (15), which really is an update on the valuable orig- 
inal work by Jackler et al. (17), and the following section is 
based on their classification. It should be emphasised that these 
abnormalities may occur as isolated phenomena or as compo- 
nents of multiorgan syndromes such as branchio-oto-renal syn- 
drome (18,19) and Waardenburg syndrome (20). 

The various types of inner ear malformations may have 
quite different prognoses for good auditory performance with Cl 
depending on the degree of the dysplasia. It should be empha- 
sised that no single centre has, as yet, assembled a very large 
series of cochlear implants in dysplastic ears, so a clear picture 
of the expected outcomes in each group is not possible at this 
stage. 


Michel deformity 

Here, there is complete aplasia of all inner ear structures 
(Fig. 18.2). It may be unilateral or bilateral, or associated with 
a less severe anomaly on the contralateral side. It may be 
associated with aplasia of the internal auditory canal. Cl is not 
possible in such cases, but recent thought has embraced the 


(B) 


Figure 18.1 (A) Axial T2 MRI. Normal cochlea and internal meatus. (B) Parasagittal T2 MRI showing four nerves entering the internal auditory meatus. 


Abbreviation: MRI, magnetic resonance imaging. 


Figure 18.2 Michel deformity. There is no recognisable inner structure 
present. 


possibility of brainstem implantation in this situation. This will 
be discussed later in this chapter. 


Cochlear aplasia 

Here there is an absent cochlea in the presence of a normal, 
dilated, or hypoplastic vestibule and semicircular canal system. 
The internal meatus maybe normal. Because there is no 
cochlea, Cl is not possible in this type of ear, but ABI may be a 
possibility in the future. 


Common cavity 

This represents a further stage in the development of the inner 
ear in which the cochlea and the vestibule are an undifferenti- 
ated common cavity and is due to developmental arrest around 
the fourth week (Fig. 18.3). There may be an internal auditory 
canal present, but it is often abnormal and there may be con- 
nection between the common cavity and the internal auditory 
canal (IAC) due to lack of the party wall between them. CI has 
been performed in such cases, but there are problems. 

Firstly it is not certain what neural elements may be present 
in relation to the cavity for the electrode to stimulate and 
where they might be located. One presumes that they will be in 
the wall of the cavity. However if the arrest is truly at the fourth 
week and membranous elements appear later, it is by no means 
certain that they will exist at all or exist in sufficient quantity 
to be capable of stimulation. A histological report (21) suggests 
the presence of ganglion cells in the wall of the cavity but, 
although the case is reported as a common cavity, it seems to be 
slightly further along the development pathway. From a surgical 
point of view, there may be difficulties. The inner ear must be 
opened through the bony bulge that the cavity produces in the 
medial wall of the middle ear cleft. If there is continuity with 
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Figure 18.3 T2 magnetic resonance imaging. Common cavity. No separation 
into cochlear or vestibular components. 


the IAC, there may be a dramatic flow of cerebrospinal fluid 
(CSF) into the surgical field, which may require packing or the 
insertion of a lumbar drain (21). Furthermore, the electrode 
may pass straight through into the IAC and into the posterior 
fossa. A preoperative X-ray is essential to check for this occur- 
rence. Conventional electrode design is based on the anatomy 
of the normal cochlea and may not be appropriate for a 
common cavity in terms of ease of insertion, positioning within 
the cavity, and delivery of electrical charge to the place where 
(we think) it is needed. Beltrame et al. (22) reported the 
technique of double posterior labyrinthotomy, introducing a 
custom-made electrode into the common cavity. They 
described three cases using the technique and found that 
surgery was technically no more demanding than other stan- 
dard surgical approaches. They report that the speech processor 
programs remained stable over time, and auditorily that speech 
recognition results were similar to those obtained from children 
with no cochlear abnormalities. Others are not so sanguine! 
Buchman et al. (23) point out that the level of performance of 
these recipients is not high. Papsin (24) reported on eight chil- 
dren with a common cavity deformity and found that they had 
a reduced dynamic range and increased incidence of facial 
nerve simulation. Despite the fact that no fewer electrodes were 
inserted, they were judged to be more difficult to program and 
tended to require greater pulse widths. Mylanus et al. (25) 
report a single case with a common cavity with some open set 
speech understanding after one year of use. They also emphasise 
the risk of a perilymph gusher and the increased likelihood of 
encountering an aberrant facial nerve. 

It is clear that opinion still differs about the possible out- 
comes from implanting common cavity patients. The discrep- 
ancies may be, in part, explained by inaccurate classification 
and using the term “common cavity” to include anything from 
a true common cavity to a much more differentiated entity 
approaching the status of a Mondini deformity. 
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Figure 18.4 T2 magnetic resonance imaging. Incomplete partition type 1. 
Separation into two cystic components representing undifferentiated cochlea 
and vestibule. 


Incomplete partition type 1: cystic cochleovestibular 
malformation 

This may represent arrest at a later stage than the common cav- 
ity, perhaps at about the fifth week (Fig. 18.4). There has been 
some differentiation from the common cavity with separation 
into vestibular and cochlear components, giving a cystic dilated 
vestibule and a cystic dilated cochlea. Again most cases have an 
abnormal IAC with absence of the lateral wall of the IAC. The 
vestibular aqueduct is not enlarged in incomplete partition type 
1 (IP1). As regards CI in IP1, the issues are really no different 
from common cavity. 


Cochleovestibular hypoplasia 


This group of malformations is more differentiated than 
IP1 with cochlear and vestibular structures clearly seen to be 


(A) 


separate from each other. The cochlea is smaller than normal 
but may have normal internal architecture. Sennaroglu and 
Saatci (15) feel that it probably represents a failure of develop- 
ment at about the six-week stage. 


IP2: Mondini malformation 
This is true Mondini dysplasia (Fig. 18.5A and B). The term has 
been used indiscriminately in the past to include just about any 
inner ear abnormality, but it is important now that Cl is wide- 
spread to ensure that the terminology is used accurately. Here 
the cochlea is of normal size and the internal organisation is 
much more advanced. The basal turn is normal or perhaps 
slightly dilated, but there is an interscalar defect between the 
middle and apical turns giving a cystic appearance. The basal 
part of the modiolus is present, so there is less likelihood of a 
defect in the lateral wall of the internal meatus. Ganglion cells 
are present in the lower part of the cochlea (26), so the prospects 
for successful implantation are very much better that in IPI. 
Vestibular anomalies are minimal, but many cases of Mondini 
malformations are associated with large vestibular aqueducts. 
Cl in IP2 has been reported by a number of teams, although 
the numbers are still small. After allowing for inaccuracies in 
classification, the results are reasonably encouraging. Miyamoto 
et al. (27) were among the first to describe a case and stated that 
the dysplastic cochlear anatomy did not preclude successful CI, 
and that electrical threshold measurements were similar to 
those recorded in children deafened as a result of other causes. 
Munro et al. (28) found no difference in performance 
between their three patients with Mondini malformations and 
recipients with normally formed cochleas. Turrini et al. (29) 
reported a case and, although an unclear relationship existed 
between the electrode array and the cochlear partition making 
implant programming difficult, an excellent result was reported. 
Arnoldner et al. (30) reported on three cases and stated 
that results are similar to those in children with normal 
cochleas. 


(B) 


Figure 18.5 Computed tomography. Incomplete partition type 2 (Mondini malformation). (A) At the level of the relatively normal basal turn. (B) At the level 


of the common apical/middle turn. 


Large vestibular aqueduct 

This occurs as a late developmental anomaly, probably around 
seven to eight weeks (Fig. 18.6). As stated above, it may be seen 
as part of the Mondini anomaly but it may also be seen as an 
isolated entity. It is commonly seen as a feature of Pendred syn- 
drome in which the genetic abnormality has been identified as 
a mutation of the SLC26A4 (PSD) gene. The gene protein pen- 
drin is involved in the transport of chloride and iodine ions, 
which explains the thyroid dysfunction and goitre seen in this 
condition. Patients with a wide vestibular aqueduct experience 
a progressive but fluctuant hearing loss that may become pro- 
found. The fluctuations coincide with relatively minor head 
injuries. The recovery from the impaired threshold may be 
delayed and quite dramatic so one should not rush into Cl 
immediately but wait several months before making the 
decision. 

CI in the large vestibular aqueduct syndrome (LVAS) has 
not been associated with surgical or programming problems, 
and the results are good (31). Contrary to fears that had been 
expressed by some, CSF gusher is not a problem when the scala 
tympani is opened. The endolymphatic compartment is a self- 
contained entity, and in a pure LVAS, there should be no con- 
tinuity with the subarachnoid space. Transmitted pulsation in 
the basilar membrane can be seen through the cochleostomy, 
but there is no leakage of fluid. The results from a study of 14 
adults and 9 children (32) indicated positive outcomes for both 
children and adults, with auditory and speech recognition per- 
formance that did not differ significantly from control subjects. 
The study by Bichey et al. (33) found an improvement in the 
quality of life associated with CI in postlingually deafened 
patients with LVAS similar to that in previous published stud- 
ies of Cl in other types of patients. Their data also indicated a 
favourable cost-utility when compared with published data 
about other disease states. Chen et al. (34) compared the 
characteristics of psychophysical tests of implanted children 
with LVAS and those with normal inner ears and found that 


Figure 18.6 Three-dimensional surface rendered T2. Arrow points to large 
vestibular aqueduct. 
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mapping parameters were not significantly different in the two 
groups. 

In addition to dysplasias of the inner ear it is important to 
recognise that there may be abnormalities of the internal 
acoustic meatus that may present problems for the implant 
team. The normal internal meatus is about 8 to 10mm in 
length with a cross section diameter of 4 to 6mm. It contains 
four nerves, the cochlear, superior vestibular, inferior vestibular, 
and facial. The meatus and its contents may be affected by var- 
ious degrees of developmental failure. Bulbous widening of the 
internal auditory canal may be associated with profound hear- 
ing loss—the large IAM (LIAM). There may be loss of the lat- 
eral wall of the IAM and CI may be associated with a CSF 
gusher (35). This may in fact be a manifestation of the X-linked 
deafness syndrome in which stapes surgery is also associated 
with a CSF “gusher” (36). 

An important anomaly to recognise is the narrow or very 
narrow internal meatus, which may be demonstrated on CT or 
MR imaging. Valvassori (37) drew attention to the fact that a 
narrow IAC of 2mm or less is associated with absence of the 
cochlear nerve. Parasagittal MR is necessary to allow identifi- 
cation of the neural structures in the CP angle and meatus (38). 
If no cochlear nerve is visible, CI is contraindicated (39,40) 
(Figs. 18.7, 18.8A and B). Meatal dysplasias may occur in 
isolation but are commonly seen in association with other 
developmental anomalies, e.g., microcephaly, syndactyly, 
tracheoesophageal fistula, duodenal atresia, and imperforate 
anus in Feingold syndrome (41). 


CI in nondysplastic inner ears 


Most children’s cochleas that are implanted are grossly normal 
but are deaf as a result of a failure of development at a cellular 


Figure 18.7 Computed tomography of narrow internal auditory canal 
(Feingold syndrome). 
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(A) 


(B) 


Figure 18.8 (A) Axial T2 magnetic resonance imaging of narrow internal meatus with only one clearly identifiable nerve. (B) Parasagittal T2 MRI confirming that 


there is only one nerve entering the internal auditory meatus. 


level in the inner ear. In most of these cases the deafness is an 
isolated phenomenon, but it can be part of a pluri- or multior- 
gan syndrome. Isolated deafness is commonly a recessively 
inherited disorder (autosomal recessive nonsyndromic hearing 
impairment). 


Abnormalities of the GJB2 gene 

Abnormalities of the GJB2 gene, which encodes the connexin 
26 gap junction protein are found in 50% of such cases. These 
children present no technical problems for the surgeon, and, 
assuming that the surgery has been performed early enough and 
that good rehabilitation, educational, and family support is 
available, they should make excellent progress with their 
implant, the majority entering mainstream schooling in due 
course. There is disagreement in the literature about whether 
individuals with GJB2-related deafness actually do better than 
a matched group of implantees with GJB-unrelated deafness. 
Sinnathuray et al. (42) and Fukushima et al. (43) felt that 
GFB2-related deafness was a good predictor of outcome, 
although the numbers in the latter study were very small. 
Bauer et al. (44) found that children with GJB2 deafness had 
significantly higher reading and nonverbal cognitive abilities 
than children without the mutation and suggest that this is 
because GJB2-related deafness is entirely due to cochlear dam- 
age with no effect on the cochlear nerve or the central auditory 
pathways. By way of contrast, Cullen et al. (45) found that the 
presence or absence of the GJB2 mutation did not appear to 
have an impact on speech recognition. Lustig et al. (46) showed 
that patients with GJB2-related deafness clearly benefited from 
CI but outcomes were similar to patients without the GJB2 
mutation. 

There are some important syndromes associated with 
cochlear structure that is grossly normal, but with profound or 
progressive deafness and comorbidity that may influence surgi- 
cal decision-making. 


The Jervell-Lange-Nielsen or long QT syndrome 

This is an association between deafness and cardiac conduction 
defects. Stress and particularly the stress of general anaesthesia 
may precipitate irreversible ventricular fibrillation even in chil- 
dren who have a pacemaker fitted. 


CHARGE syndrome 

CHARGE Syndrome is a nonrandom association characterised 
by coloboma, heart disease, choanal atresia, retarded growth, 
and hearing problems. The hearing loss may be associated with 
anormal cochlea or with a dysplastic inner ear. The importance 
of the syndrome is the high incidence of heart defects, notably 
Fallot’s spectrum and septal defects, as well as laryngopharyn- 
geal incoordination, which may place the child at increased risk 
during general anaesthesia for CI (47). Because of the risks of 
unwelcome cardiac events, every child for cochlear implant 
surgery should have an electrocardiogram as part of the pre- 
operative work up. 


Usher 1 syndrome 

Usher 1 syndrome carries the risk of total deafness and blind- 
ness. CI should be performed at an early stage so that the child 
can undergo auditory rehabilitation before the vision is lost. 


Neurofibromatosis type 2 

This is a dominantly inherited condition characterised by the 
occurrence of bilateral vestibular schwannomas (acoustic neu- 
romas) (Fig. 18.9). It is caused by mutations in chromosome 22 
as a result of which there is loss of the tumour suppressor gene 
protein, schwannomin or merlin. Deafness occurs as result of 
damage to the cochlear nerves from the tumours themselves, as 
a consequence of surgical removal of the tumours, or the effects 
of stereotactic radiosurgery. Some degree of auditory rehabilita- 
tion is possible using the ABI, which is a modification of the 
cochlear implant that utilises a multichannel surface electrode 


Figure 18.9 T1 magnetic resonance imaging with gadolinium. Neurofibromatosis 
type 2. Bilateral vestibular schwannomas. 


placed on the surface of the cochlear nucleus in the lateral 
recess of the fourth ventricle. There are some circumstances in 
which it is possible to carry out CI in neurofibromatosis type 2 
(NF2). If a Schwannoma is removed when it is still very small, 
a functioning auditory nerve may be preserved and a cochlear 
implant inserted at the same or a subsequent operation (48). 
This is a preferable option because cochlear implants usually 
give a much better outcome than ABI and furthermore it avoids 
the risk, albeit small, of inserting prosthesis into the brainstem. 


Auditory brain stem implant 


This device is a modification of the cochlear implant, devel- 
oped to stimulate the cochlear nucleus in individuals who have 
no neural structure between the cochlea and the brainstem and 
are thus unsuitable for a CI. The main group of recipients are 
those described above with NF2, but recent work by has identi- 
fied a group of nontumour cases who perform outstandingly well 
with the ABI (49). Of relevance to this chapter is the severe 
otosclerotic group with intolerable nonauditory stimulation 
with their CI to the extent that it becomes unusable. The other 
somewhat controversial group are those children with cochlear 
nerve aplasia or hypoplasia. Early results indicate that these 
children do gain access to sound but it is too early to know just 
what degree of speech understanding and language acquisition 
they are capable of achieving. 


Summary 


CI has proved to be highly successful as part of the rehabilita- 
tion of many deaf adults and children with severe to profound 
genetic sensorineural deafness. The success of the procedure is 
very much dependent on the phenotype. The ease and safety of 
the surgery to insert the implant is influenced by the presence 
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and extent of inner ear dysplasia. The less severe the dysplasia, 
the better the outcome. Outcome is also dependent on the sur- 
vival of neural structures that can be stimulated electrically. In 
the most frequently encountered genetic deafness in children, 
associated with recessively inherited connexin 26 mutation, the 
outcomes are excellent. Some deafness syndromes are associ- 
ated with hypoplasia of the auditory nerve, and the ABI may be 
a possible means of restoring some hearing. More information 
about outcomes in specific syndromes with deafness is needed. 


Auditory neuropathy 
caused by the 


otoferlin gene 


mutation 


Introduction 


Auditory neuropathy 


Auditory neuropathy includes different neuropathologies in the 
auditory pathway from the VIII nerve to the brainstem. This 
term was introduced by Starr (1) to describe patients who pre- 
sented with a hearing loss with absent or severely distorted audi- 
tory brainstem responses (ABR) and normal otoacoustic 
emissions (OAEs) and cochlear microphonics. It has been sug- 
gested that the hearing loss reflected altered temporal synchrony 
in the cochlear nerve (1,2). The generalised use of OAEs as a 
procedure to assess the function of outer hair cells (OHC) of the 
cochlea facilitates the diagnosis of auditory neuropathy. 

Different aetiologies have been described in patients with 
the condition. These include acquired perinatal aetiologies 
[hyperbilirubinaemia (HBR) and hypoxia], acquired peri- and 
postnatal causes (toxic, infectious, immunological and meta- 
bolic disorders), nonsyndromal and syndromal causes of genetic 
origin [Charcot—Marie—Tooth (C-M-T), Friedreich ataxia], 
and unknown aetiologies (3-6). 

In more than 90% of the patients with auditory neuropa- 
thy, the hearing impairment is sensorineural, bilateral, and 
symmetrical (3). Kraus et al. reported that 14% of their patients 
with absent ABRs correspond to auditory neuropathy (2). 
Berlin considered that 5 of every 50 or 60 children with pro- 
found hearing impairment can be included in this group (7). 


The lesion in auditory neuropathy can be located anywhere 
from the inner hair cells to the brainstem cochlear nucleus 
(inner hair cells, synapses, spiral ganglion, fibres of the VIII 
nerve) (8). The most frequent site of the lesion is in the more 
peripheral regions (9). Harrison reported an experimental 
model in animals treated with carboplatin, with a loss of the 
inner hair cells and preservation of the OHC, with preservation 
of the OAEs and cochlear microphonics while the ABR was 
affected (10). 

Cochlear implantation in auditory neuropathy has been 
discussed and variable results have been published. Initial 
studies recommended caution before implanting patients with 
auditory neuropathy. However, more recent studies report 
benefits from cochlear implantation (11,12). This could relate 
to the site of the lesion, which is difficult to identify. 


The otoferlin gene 


Hearing impairment of genetic origin includes a heterogeneous 
group of lesions with an approximate incidence of 1 in 1000 
newborn babies. Most congenital genetic deafness is nonsyn- 
dromal with an autosomal recessive pattern of inheritance 
(DFNB). Many genes have been described as causing hearing 
loss. The most frequent is the connexin 26 mutation (13). 
Yasunaga et al. reported nonsyndromal congenital deafness 
with the otoferlin (OTOF) gene mutation (Locus DFNB9 in 
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2P22-P23) (14). Migliosi et al. described the homozygous muta- 
tion Q829X as a cause of deafness in the Spanish population. It 
is the third most frequent cause of genetic prelingual deafness 
in Spain (13). 

The OTOF gene encodes otoferlin, which is a cytosolic 
membrane protein that is expressed mainly in the inner hair 
cells of the organ of Corti and in type I vestibular hair cells. It 
is considered that this protein is involved in the synapses of 
these sensory cells of the inner ear. 


Objectives of the present study 


Cochlear implant performance in patients with auditory neu- 
ropathy is variable. The otoferlin protein encoded by the 
OTOF gene is considered to be implicated in the synapses of 
the inner hair cells and is common in the Spanish population. 
In consequence, this study has two objectives: 


To determine the prevalence of the OTOF gene as a cause 
of auditory neuropathy in Valencia, a Mediterranean area of 
Spain 

To study the results of cochlear implantation in auditory 
neuropathy and in the OTOF group, in particular. We 
hypothesised that the results should be good because the 
cochlear implant stimulus should bypass such lesions. 


Material and methods 


The study comprised both prospective and retrospective inves- 
tigations in relation to cochlear implantation in auditory neu- 
ropathy. The prospective group included the patients with 
audiological and genetic diagnoses prior to implantation. The 
retrospective group includes patients who had previously been 
implanted, the diagnosis of auditory neuropathy having been 
made in a subsequent genetic study. 

The study was carried out in a group of 15 patients. This 
was clinical with a single subject design, with successive audio- 
logical tests in the same patients who acted as their own con- 
trols. The results have been compared with similar groups of 
patients implanted without associated pathology. 

The study protocol includes the following: 


1. Anamnesis, ENT examination and preoperative cochlear 
implant workup 

2. Audiological testing including transient OAEs, ABR, pure 

tone audiometry (PTA) and speech recognition tests appro- 

priate to the patient’s age 

Radiological exploration 

Genetic investigation 

Neurological study 

Audiological and genetic evaluation of the families 


Oy eo 


Results 


Most of the patients with auditory neuropathy in our series had 
the Q829X mutation of the OTOF gene (66%). The second most 
common cause was HBR. The other aetiologies were C-M-T 
polyneuropathy (PN) and a PN of unknown cause (Fig. 19.1). 

Ten patients had the homozygous OTOF gene mutation 
(Q829X/Q829X), all with a profound bilateral sensorineural 
hearing impairment. The median age at diagnosis was of 9.1 
years (standard deviation +5.04). All the parents were het- 
erozygotes for the Q829X mutation and had normal hearing. 

The deafness in the OTOF gene mutation group was stable 
over time. The deafness was congenital and, in consequence, 
prelingual. Three patients had a family history of hearing 
impairment, one having an affected brother, one a deaf cousin, 
and the third an affected maternal aunt. No other auditory risk 
factors were found. The characteristics of these patients are 
shown in Table 19.1. 

Table 19.2 shows the group with diverse aetiologies. Three 
patients had HBR, one C-M-T PN, and another case had an 
unknown cause. The age at which hearing loss was first sus- 
pected varies from 7 days of life to 11 years. Most frequently, the 
hearing loss was progressive; in one patient it was stable and in 
another regressive, with progressive improvement. 

The series included 15 patients with auditory neuropathy, 
including 13 patients who have been implanted. Two patients 
were not implanted because there were no audiological indica- 
tions. No malformations were found in the preoperative radio- 
logical investigation with computed tomography and magnetic 
resonance imaging (Fig. 19.2). 

The preoperative PTA in implanted cases, showed a bilateral 
and symmetrical severe-profound hearing impairment (Fig. 19.3). 
The preoperative sound field audiometry (SFA) threshold with 
hearing aids is presented in Figure 19.4, and the postoperative 
improvement in SFA results following implantation in Figure 19.5. 

The first tuning was carried out one month after 
implantation, starting the auditory habilitation/rehabilitation 
process. Cochlear implant performance was evaluated with 


7% 
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Figure 19.1 Aetiology of auditory neuropathy in our series (15 patients). 
Abbreviations: HBR, hyperbilirubinaemia; OTOF, otoferlin; C-M-T, 
Charcot-Marie-Tooth. 
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Table 19.1 Auditory neuropathy cases with the OTOF gene mutation (10 cases) 


Case Aetiology HI onset Type HI Family history of HI Other risk factor of HI General evaluation 
1¢ 0829X/0829X Congenital Profound - - ormal 
BE 0829X/0829X Congenital Profound Yes (no OTOF) - ormal 
3N 0829X/0829X Congenital Profound Yes - ormal 
4R 0829X/0829X Congenital Profound - - ormal 
lr Q829X/0829X Congenital Profound - - ormal 
6F 0829X/0829X Congenital Profound - - ormal 
7R 0829X/0829X Congenital Profound Yes? - ormal 
8l 0829X/1236delC Congenital Profound - - ormal 
9C 0829X/0829X Congenital Profound - - ormal 
10C Q829X/0829X Congenital Profound - - ormal 


Abbreviations: HI, hearing impairment; OTOF, otoferlin. 


Table 19.2 Auditory neuropathy patients without the OTOF gene mutation (5 cases) 


Case Aetiology HI onset Type HI Family history of HI Other risk factor of HI General evaluation 
1M Unknown 2yr Progressive profound - - Norma 
2A C-M-T 8yr Progressive profound - - Bilat cataracts PN 
3P HBR 11 yr Progressive moderate - HBR Norma 
4C HBR 7 days Stable profound - HBR Norma 
5C HBR 3mo Restoration to normal hearing = - HBR Norma 


Abbreviations: C-M-T, Charcot-Marie-Tooth; HBR, hyperbilirubinaemia; HI, hearing impairment; O7OF, otoferlin; PN, polyneuropathy. 


Figure 19.2 Normal magnetic resonance imaging in a patient with OOF gene mutations. Abbreviation: OTOF, otoferlin. 


speech recognition tests appropriate to the age and language Infant Toddler Meaningful Auditory Integration Scale (IT- 
development of each patient. These tests were carried out with © MAIS) was also carried out. 

loudspeakers located 1m away from the patient’s head. The In the OTOF group, the patients were classified into several 
material was presented at 65 dB SPL. In very small children, the groups according to the aetiology of the auditory neuropathy, 
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Figure 19.3 Mean preoperative pure tone audiometry in the OTOF gene 
mutation group. Abbreviation: OTOF, otoferlin. 


dB 9 


20 


40 +------ 
60 


_|-* Right ear 
Left ear 


4 OD aisecsien une mamaaatecoedccgcuaeeemataneernmead 


80 


120 
250 500 


1000 


2000 4000 8000 Hz 


Figure 19.4 Mean preoperative sound field audiometry with hearing aids in the 
OTOF gene mutation group. Abbreviation: OTOF, otoferlin. 


the age of onset of hearing impairment and the experience with 
their cochlear implant. The first group comprised two children 
with auditory neuropathy caused by the OTOF gene mutation 
implanted before the age of two years and with one year’s 
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Figure 19.5 Mean postimplantation sound field audiometry postcochlear 
implantation in the OTOF gene mutation group. Abbreviation: OTOF, otoferlin. 


experience with a cochlear implant. A second group is formed 
by children with auditory neuropathy caused by the OTOF 
gene mutation with more than one year’s experience with their 
cochlear implant. This group was the largest and has been 
compared with a control group of 37 implanted children with 
hearing impairments of cochlear origin. 

The third group comprised two patients with auditory 
neuropathy caused by the OTOF gene mutation, one implanted 
at the age of 9 and the other at 24 years. They constitute the 
group with the worst results. The results of the first, with three 
years experience with a cochlear implant, are shown in Figure 
19.5. The second, the woman implanted at 24 years of age, had 
very limited benefit with the cochlear implant, similar to what 
is often found in implanted adults with prelingual hearing 
impairment. 

The preoperative stapedial reflex was absent in all cases. 
After implantation, we found it to have recovered in all 
patients. Similarly, good responses were observed with neural 


Table 19.3. Cochlear implant results in the auditory neuropathy group with the OTOF gene mutation 


Case Age at Cl Cl type Cl experience Post-Cl performance 
1C 24yr MED-EL40+ lyr Poor 

2F 9 yr 24M 3 yr Poor 

3F 37mo 24M 2yr Good 

4R 31mo 24M 3yr Good 

5R 28 mo 24M 3yr Very good 
6C 24mo 24K lyr Good 

7C 24mo Cll 3yr Good 

8C 24mo Cll 3yr Good 

ON 19mo N24C 6mo Good 

101 17 mo N24CA 6mo Good 

Abbreviation: Cl, cochlear implant; O7OF, otoferlin. 
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Table 19.4 Cochlear implant results in the auditory neuropathy group without the OTOF 


gene mutation 


Case Ageatsuspected HI Aetiology Age at Cl 
1M Postlingual Unknown 15 yr 

2A Postlingual PN(C-M-T) 25 yr 

3C Congenital HBR 18mo 


Cl type Cl experience — Post-Cl performance 
MED-EL40+ 8 yr Very good 

N22 2yr Moderate 

Cll 6mo Good 


Abbreviations: Cl, cochlear implant; C-M-T, Charcot-Marie-Tooth; HBR, hyperbilirubinaemia; HI, hearing impairment; 


OTOF, otoferlin; PN, polyneuropathy. 


response telemetry in those patients in whom we could perform 
the test. 

Tables 19.3 summarise the cochlear implant performance in 
the group with auditory neuropathy caused by the OTOF gene 
mutation and with auditory neuropathy from other causes. The 
results of implantation have been classified as good, moderate 
or poor, according with the results of speech recognition in the 
adapted tests, relative to the normal range: 


Poor: less than 40% speech recognition 
Moderate: 40% to 70% speech recognition 
Good: 70% to 90% speech recognition 

Very good: more than 90% speech recognition 


In the cases of auditory neuropathy caused by the OTOF 
gene mutation, the post—cochlear implantation performance 
was homogeneous and depended on the age at implantation 
(Table 19.3). 

The implanted performance in patients with auditory neu- 
ropathy due to other aetiologies is heterogeneous. For patients 
with C-M-T, the implanted performance is moderate. The other 
two patients with HBR and unknown cause had good results. 


Discussion 


Auditory neuropathy is a clinical entity recently described, and 
characterised by findings in objective electrophysiological and 
behavioural tests, compatible with a disorder of the cochlear 
nerve. The clinical findings are variable (15). The site of the 
lesion along the auditory pathway is important in order to 
define and carry out effective treatment (16). 

The hearing loss caused by mutation of the OTOF gene is 
the most frequent cause of auditory neuropathy in our series 
(66%) and it is the third most common cause of genetic deaf- 
ness of our series after the connexin and mitochondrial muta- 
tions, in accord with previous results in Spain (13). The 
heredity is autosomal recessive, which corresponds to the most 
common pattern of inheritance in congenital deafness (8). 
Three patients in the present series had family members who 
were also affected. 


The hearing impairment in the patients with auditory neu- 
ropathy caused by the OTOF gene mutation is, in all the cases, 
bilateral, and profound. Hearing impairment in other patients with 
auditory neuropathy is not homogenous and can be progressive. 

All patients with auditory neuropathy caused by the OTOF 
gene mutation showed stapedial reflexes during surgery. They also 
gave good responses with Neural Response Telemetry, which may 
be interpreted as a functional recovery of the auditory pathway 
with the electro-auditory stimulation by the cochlear implant. 

The good and homogeneous results obtained with the 
cochlear implant in the OTOF group are considered to be 
clinical confirmation of the otoferlin localisation in the synapses 
of the inner hair cells (14). Cochlear implant performance is 
similar to that found in other patients with prelingual hearing 
impairment, and its magnitude is mainly dependent on other 
variables, particularly the duration of the hearing impairment. 

In the non-OTOF auditory neuropathy group, the results 
were good for two of the cases caused by HBR. The other case 
was a patient with C-M-T syndrome with poor cochlear 
implant performance. We conclude that this is because the 
lesions in these patients were located in rostral sections of the 
auditory pathway—a view in accord with the opinion of other 
authors (6,8,9). 

Patients with auditory neuropathy have good postnatal 
Transient OAEs and can pass the neonatal hearing screening 
using this technique, as in one of our cases. Therefore, although 
the prevalence of this condition is low, some authors recomm- 
end screening programmes based on the use of behavioural 
testing (17). 


Conclusions 


1. Cochlear implantation provides an effective treatment for 
the profound bilateral hearing impairment in most patients 
with auditory neuropathy. 

2. Auditory neuropathy caused by the homozygous Q829X 
OTOF gene mutation shows an autosomal recessive pattern 
of inheritance and presents clinically as a profound hearing 
impairment. 
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3. Cochlear implantation in auditory neuropathy caused by 
the OTOF gene mutation shows good results and we do not 
observe differences from the control group. This could be 
regarded as clinical confirmation of site of the lesion as 
being in the peripheral auditory system with otoferlin defi- 
ciency, because this protein is codified by OTOF gene and 
is located in inner hair cell synapses in the organ of Corti. 

4. The results of cochlear implantation in patients with audi- 
tory neuropathy with non-OTOF causes, are not as good 
nor as homogeneous as in the OTOF gene group. 

5. Genetic investigations are very important in auditory neu- 
ropathy and in the prognosis of treatment of auditory neu- 
ropathy with cochlear implants. 
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Part III 
The future 


“AWE Innovative 
therapeutical strategies 


to prevent deafness 
and to treat tinnitus 


Introduction 


Compared to the millions of photoreceptors in the eye or the 
number of olfactory neurones in the nose, the number of sensory 
hair cells (15,000) in the cochlea is extremely modest. In addi- 
tion, as a result of age-related changes, this number continuously 
diminishes during the course of one’s life. Because of the fragility 
of these hair cells, one can understand the need to protect the 
cochlea against the dangers of modern life, including certain med- 
icines. In the United States, hearing loss linked to taking drugs 
affects 2 to 3 patients per 1000. More than 130 drugs are poten- 
tially ototoxic, including certain antibiotics (streptomycin, 
amikacin, neomycin, etc.), anti-inflammatory drugs (duperan, 
indocid, etc.), diuretics (furosemide), oestrogen, vitamin A (an 
aggravating factor for otosclerosis), and even quinine, which pro- 
vokes tinnitus, hyperacusis, and dizziness. Cisplatin, a chemother- 
apeutic agent used in certain types of cancer, destroys the sensory 
hair cells, leading to irreversible hearing loss. Among factors 
having a harmful effect on hearing, noise is the most dangerous. 
Hearing loss is one of the commonest complaints in the work- 
place, and industrial noise has a considerable effect on hearing. 
More so than hearing loss, tinnitus strongly interferes with 
the daily lives of millions of people. In industrialised nations, 8% 
to 20% of the adult population currently experience tinnitus. 
Unfortunately, few treatments are effective. As tinnitus is the 
subjective perception of sound in the absence of an external 
stimulus, animal models are difficult to establish. One possibility 
for studying tinnitus in animals consists of recording the 
electrophysiological activity of the neural structures of the audi- 
tory pathway. This approach has demonstrated that high doses 
of salicylate, the active component of aspirin known to induce 


tinnitus in humans (1), provoked an increase in the spontaneous 
activity of the cochlear nerve fibres (2-4) and modified the 
average spectrum of activity recorded from the round window, 
which is a gross measure of the spontaneous activity of the 
cochlear nerve (5-7). The characteristics of these changes 
appear to be similar to those of salicylate-induced tinnitus in 
animals (5). This suggests that, at least in part, salicylate- 
induced tinnitus is associated with dysfunction of the cochlear 
nerve. Nevertheless, the demonstration that abnormal activity 
at the periphery is responsible for the occurrence of tinnitus 
requires studies of perception. 

This paper summarises the molecular mechanisms of sensory 
hair cell death and generation of tinnitus. Based on these mole- 
cular mechanisms, we propose novel therapeutic strategies to 
prevent hearing loss and treat tinnitus. 


Molecular mechanisms responsible 
for deafness 


Exposure to noise or ototoxic drugs (aminoglycosides antibi- 
otics, cisplatin, etc.) initiates a complex cascade of biochemical 
processes in the sensory hair cells, which leads to a prominent 
apoptosis. Apoptosis is an active process of programmed cell 
death (8) characterised by chromatin condensation, intracellular 
fragmentation associated with membrane-enclosed cellular frag- 
ments called apoptotic bodies, and intranucleosomal DNA frag- 
mentation. These proteolytic processes are largely achieved by 
activation of caspases (9). A schematic drawing of the cell death 
pathway that participates in apoptosis is given in Figure 20.1. 
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In the case of spiral auditory neurons, cell death may bedue Noise-induced hearing loss 
to an excessive release of glutamate, the neurotransmitter of the 
inner hair cells (IHCs), an injury called excitotoxicity (10); 
however, it has also been suggested that degeneration of the 
neurons occurred secondarily to the loss of the sensory IHCs to 
which they are connected. Whatever the mechanism triggering 
neuronal death (lack of presynaptic target or excitotoxicity), 
recent studies have suggested that an apoptotic process is 
involved, as in the hair cells (11). 


Noise trauma induces hair cell loss at the site maximally stimu- 
lated by sound. Fragmented hair cell nuclei are observed in the 
same region using morphological analyses and specific DNA 
labelling. Morphological features typical of autolysis (vacuo- 
lated cytoplasm, but intact lateral membrane) and of apoptosis 
(shrinkage of the cell body, increased electron density of the 
cytoplasm, chromatin compaction with an intact lateral mem- 
brane) are observed in the noise-damaged hair cells (Fig. 20.2). 
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Figure 20.1 A schematic presentation of two major apoptotic pathways thought to be active within damaged mammalian hair cells. (A) The cell death-receptor pathway 
(left side of fig.) is triggered by members of the cell death-receptor superfamily such as CD95 (Fas). Binding of CD95 ligand (CD95 L) to CD95 induces receptor clustering 
and formation of a death-inducing signal complex. This complex recruits, via the adaptor molecule FADD, multiple procaspase-8 molecules, resulting in autocatalysis of this 


procaspase molecule and formation of activated caspase-8. (B) The mitochondrial pathway (right side of fig.) is extensively activated in cells in respond to extracellular 
signals and internal insults (e.g., DNA damage). These diverse responses converge on mitochondria, often through the activation of proapoptotic members of the Bcl-2 
family (e.g., Bax, Bad, and Bik). These proapoptosis cytosolic forms of the Bcl-2 family represent pools of inactive, but potentially lethal proteins. Proapoptotic signals 
activate and redirect these proteins to the mitochondria, where they interact with antiapoptotic molecules such as Bcl-2 and Bcl-xL at the outer membrane of the 
mitochondria, where they compete to regulate the formation of pores and the release of cytochrome C from the mitochondria into the cytosol of the affected cell. The 
cytochrome C associates with Apaf-1, procaspase-9 to form an apoptosome complex. The apoptosome activates procaspase-9, which in turn activates downstream effector 
caspases (e.g., caspase-3). Cells in which mitochondria have ruptured are at risk of death through a slower nonapoptotic mechanism resembling necrosis because of loss of 
the electrochemical gradient across the inner membrane (Am), production of high levels of ROS, and a rapid decline in ATP production. The cell death-receptor and 
mitochondrial cell death pathways converge at the level of procaspase-3 activation. Caspase-8-mediated cleavage of Bid, a proapoptotic Bcl-2 family member, greatly 
increases its proapoptotic activity and results in its translocation from the cytosol to the outer mitochondria membrane, where it promotes the formation of pores by Bax 
and the release of cytochrome C. (C) DNA damage and/or oxidative stress can trigger the activation of the JNK signal transduction pathway (right side of fig.). Signal 
transduction via JNK can induce the phosphorylation of transcription factors such as c-Jun and c-Fos, which are members of the early immediate family of genes. C-Jun 
and c-Fos, when active as heterodimers, form AP-1, which can trigger rapid transcriptional activity and has been implicated in the regulation of many important biological 
processes including cell cycle progression, transformation, differentiation, proliferation, DNA repair, and apoptosis. Abbreviations: AIF, apoptosis inducing factor; Apaf-1, Fas 
associated death domain; AP-1, activator protein-1; ATP, adenosine triphosphate; CD 95, Fas receptor; CFLIP, cellular FLICE inhibitory protein; FADD, fas-associated death 
domain protein; JNK, C-jun N-terminal protein kinase; ROS, reactive oxygen species; SAPK, stress activated protein kinase. 
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Figure 20.2 Transmission electron micrographs of noise-damaged cochlea. (A) An 
IHC observed in the undamaged region of the organ of Corti six hours after 
acoustic trauma. Both the IHC and its innervations (curved arrows) have a normal 
appearance. (B) Vacuolated IHC undergoing an autolytic process in the noise- 
damaged region of the organ of Corti, six hours after acoustic trauma. The 
mitochondria are altered (arrows), but the cytoplasmic lateral membrane is 
preserved. Note the swollen afferent dendrites (asterisks) at the basal pole of the 
IHC. (C) Typical apoptotic IHC observed six hours after trauma. This hair cell shows 
shrinkage of the cell body and increased electron density of the cytoplasm. The 
cytoplasmic lateral membrane is preserved. All afferent endings are totally 
disrupted (asterisks). (D) Normal appearance of an OHC observed 24 hours after 
noise trauma in the undamaged region of the organ of Corti. (E) In the noise- 
damaged region of the organ of Corti, a degenerating OHC observed 24 hours 
after noise trauma. Note cellular enlargement, vacuole formation, and organelle 
disorganisation. Sign of necrosis: distorted mitochondria (small black arrows) and 
the electron dense nucleus due to chromatin compaction (sign of apoptosis; Jarge 
white arrow). Scale bars: (A), (B), (C) = 10 wm; (D) and (E) = 5 wm. Abbreviations: 
IHC, inner hair cell; OHC, outer hair cell. Source: From Ref. 12. 


Interestingly, individual hair cells sharing both autolytic 
and apoptotic features are also seen. Moreover, signs of necrosis 
(cellular debris and disintegrated cytoplasmic membrane) are 
occasionally seen in the area of the damaged hair cells (Fig. 20.2). 
The presence of these different phenomena indicates that the 
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degeneration of the noise-damaged hair cells involves different 
mechanisms of cell death, including typical apoptosis, autolysis, 
and, to a lesser extent, necrosis. 

In the case of auditory neuronal cell death, however, it is not 
clear if degeneration of the neurones occurs secondarily to the loss 
of the sensory IHCs to which they are connected, or if the neu- 
ronal death is due to an excessive release of glutamate, the 
neurotransmitter of the IHCs. Indeed, intracochlear perfusion of 
glutamate antagonists prevents 50% of the acute threshold eleva- 
tion by protecting the neuronal endings of the cochlear nerve, but 
it has no protective effect on the hair cells themselves (13). 

Pharmacological strategies have also been used to protect 
the cochlea against noise trauma. Corticosteroid therapy has 
been reported to have a significant effect when applied intraperi- 
toneally (i.p.) (14). In these experiments, 20 mg/kg methylpred- 
nisolone injected ip. one hour after trauma resulted in a 
significant 10dB functional improvement, although higher 
doses actually aggravated acoustic trauma. Pirvola et al. (11) 
used the kinase inhibitor CEP-1347 to block the mitogen- 
activated protein kinase/c-Jun N terminal kinase (MAPK/JNK) 
cell death signal pathway. Systemic administration of CEP-1347, 
a mixed lineage kinase inhibitor, provided partial protection 
against sound trauma—induced hearing loss. 

Recent years have seen increasing interest in the development 
of local delivery of pharmacological agents to protect the cochlea 
from noise trauma. Free radical scavengers such as mannitol or 
deferoxamine are much less potent than glutamate antagonists at 
preventing acute threshold elevation, but they can reduce hair cell 
loss by 40% (15). Neurotrophins have also been evaluated as a 
local protective pharmacological strategy. In these experiments, 
neurotrophin-3 and glial cell line-derived neurotrophic factor 
have been shown to rescue 11% of hair cells and to slightly 
improve auditory thresholds (4). The calpain inhibitor, leupeptin, 
reduced outer hair cell (OHC) loss following a 105 dB sound pres- 
sure level (SPL) exposure by as much as 60% (8). Riluzole, a wide- 
spectru neuroprotective agent, has also been shown to prevent or 
attenuate apoptotic and necrotic cell death in rat models of spinal 
cord (16) and retinal (17) ischaemia. In the light of these findings, 
Wang et al. (18) have examined the potential protective effect of 
riluzole against noise-induced hearing loss in the cochlea of the 
adult guinea pig. Intracochlear perfusion of riluzole protects guinea 
pig cochleas from damage caused by acoustic trauma, as demon- 
strated both by functional tests and by morphometric methods. 
Riluzole-treated animals showed less compound action potential 
(CAP) threshold elevation and less hair cell loss than noise- 
exposed controls one month after noise trauma (Fig. 20.3). 

The protective effect of riluzole was evident by day 2 and even 
more pronounced one month after noise trauma. Cyto- 
cochleograms prepared one month after noise trauma showed that 
riluzole treatment (100 uM) protected more than 80% of IHCs 
and OHCs destined to die. To date, the most efficient way to pro- 
tect the cochlea against sound is a novel inhibitor peptide D-JNKI- 
1, a cell permeable peptide that blocks the mitogen-activated 
protein kinase/c-Jun N terminal kinase (MAPK/JNk) signal path- 
way (19). When applied directly into the cochlea, D-JNKI-1 
peptide also protected the cochlea against permanent hearing loss 
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Figure 20.3 Protective effect of riluzole and D-JNKI-1 on noise-induced hearing loss and loss of hair cells. (A) The graphs represent mean audiograms measured 

20 minutes (filled circles) and 30 days (empty circles) after acoustic trauma (6 kHz, 120 dB, 30 minutes) in cochleae perfused with artificial perilymph alone. The 
average hearing thresholds measured 20 minutes after acoustic trauma were 60 to 70dB between 12 and 16 kHz (Fig. 2A). There was a partial recovery of CAP 
thresholds of around 30dB by 30 days postexposure. This residual impairment represents definitive hearing loss, i.e., PTS. (B) The immediate elevation of CAP 
thresholds due to noise trauma was not significantly attenuated when the cochlea was perfused with 100M riluzole (filled circles). In contrast, a clear improvement 
in the recovery of CAP thresholds, with significantly reduced PTS (empty circle), was observed. (C) Protection against a permanent hearing loss was clearly observed 
for the 10 uM D-JNKI-1-treated cochleae, with a TTS that was similar to the contralateral unperfused cochleae at 20 minutes but with a near-complete recovery of 
hearing function by 30 days postexposure. (D) and (F) Typical scanning electron micrographs of areas damaged by acoustic trauma from the same cochleae. (D) In 
the damaged area of the cochleae that received only artificial perilymph, more severe damage was observed in the row of IHCs and in the first row of OHCs than in 
the second and the third rows of OHCs. (E) Direct delivery of 100 uM of riluzole into the scala tympani of the cochlea prevents noise trauma-induced hair cell loss. 
(F) Note 10 uM of D-JNKI-1 effectively prevented hair cell loss. Scale bar: (D) and (E) = 25 yum, (F) = 15 uM. Abbreviations: CAP, compound action potential; 

IHC, inner hair cells; JNKI-1, C-Jun N terminal Kinase; OHC, outer hair cells; PTS, permanent threshold shift; TTS, initial hearing loss. 


induced by sound trauma and provided near-complete protection 
of the auditory hair cells (Fig. 20.3). Similar results were obtained 
when D-JNKI-1 was applied onto the round window membrane 
via an osmotic minipump. The 50% efficient concentration (EC 
50) was calculated as 2.31 uM for intracochlear perfusion of D- 
JNKI-1 and 2.05 &M for round window application of D-JNKI-1. 
In addition, D-JNKI-1 protection is still effective for up to 12 hours 
when applied onto the round window after noise trauma (20). 


Cisplatin ototoxicity 


Cisplatin [cis-diamine-dichloroplatinum II; (CDDP)] is a highly 
effective and widely used anticancer agent (21). The risk of 


ototoxic and nephrotoxic side effects commonly hinders the use 
of higher doses that could maximise its antineoplastic effects 
(22). CDDP has been shown to induce auditory sensory cell 
apoptosis in vitro (23,24) and in vivo (25,26). Recently, 
Devarajan et al. (27) have reported CDDP-induced apoptosis 
in an immortalised cochlear cell line. In this model, CDDP 
toxicity was associated with an increase in caspase-8 activity 
followed by truncation of Bid, translocation of Bax, release of 
cytochrome C, and activation of caspase-9. This suggests that 
both death-receptor and mitochondrial pathways are involved 
in CDDP-induced apoptosis of hair cells. However, results 
obtained in vitro may not be directly applicable in vivo. In 
contrast to the in vitro study showing a transient activation of 
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caspase-8 in an immortalised cell line (27,28) a significant 
increase in caspase-8 activation was not observed in CDDP- 
treated guinea pig cochleae. It is worth noting that this immor- 
talised auditory cell line represents OHC precursors, and not 
adult-like OHCs (27). Thus, the different patterns of caspase-8 
activation observed in vitro (27) and in vivo may be due to the 
differences in these two experimental models. Further func- 
tional data reported in our study reveal that local scala tympani 
perfusion of Z-I-E(QMe)-T-D(OME)-FMK, caspase-8 inhibitor 
(z-IETD-fmk), a caspase-8 inhibitor, was ineffective in prevent- 
ing both CDDP-induced hair cell death and hearing loss. This 
result suggests that in vivo CDDP-induced apoptosis of 
cochlear cells is caspase-8—independent. 

Following its release from the mitochondria, cytochrome C 
can then trigger either programmed cell death by apoptosis or 
necrotic cell death processes depending on the level of damage 
within the affected cell with more severe levels of damage 
favouring necrosis (29,30). The finding that two pivotal cas- 
pases (caspase-9 and caspase-3) are activated during CDDP- 
induced hair cell death is in agreement with evidence that 
implicates mitochondria as a primary site of CDDP-damage 
within auditory hair cells. The evidence is (i) electron 
microscopy studies show ultrastructural changes in hair cell 
mitochondria after CDDP exposure (12,31) and (ii) generation 
of reactive oxygen species (ROS, e.g., H,O,) with depletion of 
intracellular glutathione (GSH) stores, and interference with 
antioxidant enzymes within the cochleae of CDDP-exposed 
animals. 

Mitochondria are both a target of ROS and a source for the 
generation of additional ROS. In situ generated ROS can cause 
cytochrome C release in primary cultures of cerebellar granule 
neurons (32). Cytochrome C release into the cytosol is required 
for the formation of the apoptosome and the resultant activa- 
tion of caspase-9. Numerous studies (24,27,28,33,34) have 
shown that both an upstream initiator caspase (i.e., caspase-9) 
and a downstream effector caspase (i.e., caspase-3) were acti- 
vated in the CDDP-damaged OHCs and some IHCs located in 
the basal turn of the cochlea. Accordingly, intracochlear perfu- 
sion of caspase-3 inhibitor Asp-Glu-Val-Asp-O-methyl-fluo- 
romethylketone, caspase-3 inhibitors (z-DEVD-fmk) and 
caspase-9 inhibitor Z-Leu-Glu(OMe)-His-Asp(OMe)-FMk, 
TFA, caspase-9 inhibitor (z-LEHD-fmk) dramatically reduced 
the ototoxic effects of CDDP, as evidenced by a lack of DNA 
fragmentation with almost no apoptotic cell death of hair cells 
or other cell types within the cochlea and almost no loss of 
hearing in the CDDP-treated animals (28). While z-DEVD- 
fmk is a potent, cell permeable and irreversible inhibitor of cas- 
pase-3, we cannot exclude the possibility that other members of 
the caspase-3 subfamily are involved in CDDP ototoxicity since 
caspases-2 and -7 are known to also be inhibited by z-DEVD- 
fmk (35). Finally, Mandic et al. (36) reported on the possible 
involvement of calcium-dependent protease calpains in CDDP 
toxicity ina human melanoma cell line suggesting a role for cal- 
pains in CDDP ototoxicity. Although experiments have yet to 
be done in vivo, the lack of a protective effect of calpain 
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inhibitors on auditory hair cell and neurones in culture argues 
against this hypothesis (23). Altogether, these results suggest 
that CDDP-ototoxicity is mediated through a molecular path- 
way that involves the mitochondria and the sequential activa- 
tion of initiator and effector caspases. 

A protective role for JNK against DNA damage-induced 
apoptosis is supported by the results of recent studies on noise 
trauma (10,19). Wang et al. (28) investigated the involvement 
of this signal pathway in CDDP-induced apoptosis of cochlear 
cells in vivo by measuring the levels of activated JNK. CDDP 
treatment induced a significant increase in activated JNK. 
Inhibition of this signal pathway by scala tympani perfusion of 
D-JNKI-1 prevented neither the CDDP treatment initiated 
activation, subcellular redistribution of Bax, nor mitochondrial 
release of cytochrome C. Surprisingly, inhibition of this signal 
cascade by D-JNKI-1 increased the sensitivity of cochlear hair 
cells to damage by CDDP. This result suggests that the 
JNK pathway is not involved in the CDDP-induced hair cell 
death, but may have a role in DNA repair and maintenance of 
CDDP-damaged sensory cells. 


Molecular mechanisms responsible 
for tinnitus 


Guitton et al. (37) developed a behavioural test based on an 
active avoidance paradigm. Briefly, female adult Long-Evans 
rats had to perform a motor task (in this case jumping on a 
climbing pole) on hearing a sound (Fig. 20.4). 

The conditioning stimulus (CS) was a 50 dB SPL pure tone 
with a frequency of 10kHz and duration of three seconds, and 
the unconditioned stimulus (US) was a 3.7mA electric foot 
shock presented for 30 seconds at most. The time between the 
CS and the US was one second. Electric shocks were stopped 
when the animal climbed correctly. Intertrial intervals were one 
minute. The conditioning paradigm consisted of dispatched ses- 
sions with 10 trials per session. Animals were considered to be 
conditioned when the level of performance (the number of 
times the rat climbed correctly in response to the sound) was 
80% in three consecutive sessions. The behavioural test proto- 
col (nine days) consisted of daily measurement of the correct 
responses to sound (score) and climbs during intertrial periods 
(false-positives or responses during silent periods) in the same 
10-minute session. The frequency of the CS was selected to 
match the expected frequency of salicylate-induced tinnitus in 
rats (38). 

Salicylate-treated animals are expected to have tinnitus 
(37-39). Because they have a sound hallucination (i-e., tinni- 
tus), they are more likely to execute the motor task during the 
silent periods. If this is true, animals treated with salicylate 
would show an increase in the number of false-positive 
responses, i.e., they would behave as if they had heard a sound 
when no external sound was presented. Our results demonstrate 
that animals treated with salicylate show a significantly 
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Figure 20.4 The behavioural protocol to quantify tinnitus. The experimental 
protocol has been described elsewhere (37). Briefly, animals were trained to jump 
ona climbing pole when hearing a sound. The CS was a 10 kHz pure tone of 

50 dB SPL (reference 2.1-5 Pa) and of three-second duration. The US was a 

3.7 mA electrical foot shock presented for, at most, 30 seconds (time between CS 
and US = one second). Once conditioned (correct responses to sound =80% in 
three consecutive sessions), animals were included in the experiments. 

The behavioural testing protocol consisted of a daily measurement of both the 
score (correct responses to sound) and false-positive responses. False-positive 
responses were the number of climbs during the intertrial periods (i.e., responses 
during silent periods). If animals stayed on the pole more than 10 seconds, they 
were put down on the floor. Trials were randomised and electrical foot shocks 
were presented only if the animal did not climb in response to sound. Whatever 
the score and the false-positive responses, each session included 10 trials and 
lasted 10 minutes. Both score and false-positive responses were measured in the 
same session. Abbreviations: CS, conditioning stimulus (10 kHz pure tone sound); 
SPL, sound pressure level; US, unconditioned stimulus (3.7 mA electrical foot 
shock). Source: Courtesy of Jéréme Ruel. 


increased number of false-positive responses (jumping on the 
climbing pole) during silent periods. One physiological basis of 
salicylate ototoxicity is likely to originate from altered arachi- 
donic acid metabolism (40-42). Electrophysiological studies 
(6,43) have demonstrated that arachidonic acid increases the 
channel-opening probability of the N-methyl-D-aspartate 
(NMDA) receptor in various systems, including cerebellar 
granule cells, dissociated pyramidal cells, cortical neurones, and 
adult hippocampal slices. We therefore tested the hypothesis 
that salicylate and mefenamate induce false-positive responses 
via activation of cochlear NMDA receptors. When applied to 
the perilymphatic fluids of the cochlea, the NMDA antagonists 
MK 801 (channel blocker), 7-chlorokynurenate (glycine-site 
antagonist), and gacyclidine (PCP-site antagonist) strongly 
reduced the occurrence of false-positive responses induced by 
salicylates (Fig. 20.5). 

Although definite explanations of the molecular mecha- 
nisms of the action of salicylate on cochlear NMDA receptors 
remain to be determined, these results support the implication 
of cochlear NMDA receptors in the occurrence of salicylate- 
induced tinnitus. 
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Figure 20.5 Local application of NMDA antagonist abolishes salicylate-induced 
tinnitus. The measurement of false-positive responses is a behavioural indicator 
of tinnitus, as animals behave as if they were hearing a sound during a silent 
period. The number of false-positive responses is shown as a function of the 
treatment. In the absence of sound, animals will not execute the task during a 
silent period (control group; n= 10). In contrast, salicylate treatment 

(300 mg/kg/day for four days) leads to a drastic increase in the number of 
false-positive responses, even in animals receiving intracochlear application of 
artificial perilymph (AP group; n= 10). Local application of the NUDA 
antagonists, e.g., MK 801 (n= 10), 7-chlorokynurenate (7-CK group; n= 10), 
and gacyclidine (n = 10), abolishes the increase in the number of false-positive 
responses. Thus, local application of NMDA antagonists prevents the occurrence 
of salicylate-induced tinnitus. Abbreviations: AP, activated protein; 

NMDA, N-methyl-D-aspartate. Source: Adapted from Ref. 37. 


Local therapy to restore hearing and 
treat tinnitus 


The results presented here were obtained in animal experiments, 
in which drugs were directly applied into the cochlea. It is clear 
that systemic application of antiapoptotic molecules or NUDA 
antagonists will cause side effects. For example, glutamate antag- 
onists have deleterious effects on learning and memory when 
applied systemically. Similarly, systemic application of antiapop- 
totic drugs may induce the occurrence of tumours. Therefore, 
advances in the local pharmacology of humans represent a great 
hope for the preservation of hearing and the treatment of tinni- 
tus in patients exposed to noise or ototoxic drugs. 


Innovative therapeutical strategies to prevent deafness and to treat tinnitus 


Conclusions 


Recent advances in molecular pharmacology of the cochlea 
have led to a much better understanding of the physiology, and 
especially the pathophysiology of the sensorineural structures of 
the organ of Corti. Knowledge of the intimate molecular mech- 
anisms of cellular dysfunction is of considerable use in the 
development of new therapeutic strategies. We have sum- 
marised the mechanisms of sensory hair cell death after various 
injuries. Based on these molecular mechanisms, novel thera- 
peutic strategies to restore hearing have been proposed. In addi- 
tion to permanent hearing loss, exposure to noise or ototoxic 
drugs also induces tinnitus. We thus review recent findings 
obtained from a behavioural model of tinnitus in rats. In addi- 
tion to providing evidence for the site and mechanism of gen- 
eration of tinnitus induced by salicylates, these results support 
the idea that targeting cochlear NMDA receptors may repre- 
sent a promising therapeutic strategy for treating tinnitus. 
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Stem cells in the inner 
ear: advancing towards 


a new therapy for 
hearing impairment 


Introduction: deafness and the 
potential for cell-based therapy 


Deafness is a highly common disability, with substantial social and 
economic implications. More than 3 million adults in the United 
Kingdom alone have a bilateral hearing impairment that is mod- 
erate to profound (more than 45 dB HL) (1). Almost 90% of these 
suffer sensorineural loss, which involves loss of sensory hair cells 
and their associated innervations. These cells are not replaced and 
hearing loss is irreversible. To compound the problem, congenital 
deafness affects 1 in 1000 children. There is no cure for deafness 
although, with a suitable nerve supply, the sensory function of the 
inner ear can be replaced by a cochlear implant. 

The recent developments in stem cell technologies are open- 
ing novel therapeutic possibilities for the treatment of deafness. 
Possible strategies could involve triggering of sensory cell 
regeneration from existing cells, or, alternatively, replacement of 
lost cells by transplantation of exogenous in vitro-maintained 
stem cells. In this chapter I will aim to introduce some general 
concepts about stem cell biology, to discuss the recent advances 
of this new discipline in hearing research and to present an out- 
line of its vast therapeutic potential and future challenges. 


What is a stem cell? 


Stem cells have been defined as “clonal precursors of both more 
stem cells of the same type and a defined set of differentiated 
progeny” (2). The enormous potential of therapies employing 
stem cells has raised great hopes and expectations in almost every 


area of medicine. The possibilities range from cell replacement to 
the more ambitious and still futuristic idea of generating whole 
organs in vitro for transplantation. Stem cells can be classified 
into different types, depending on the source tissue, the time of 
derivation, and the potential to produce different lineages. 

The primordial, master stem cell is the zygote. The fertilised 
egg is “totipotent,” that is it has the potential to produce any cell 
type in the body, including extraembryonic tissue such as the 
trophoblast. “Pluripotent” stem cells have a slightly more 
restricted potential. They have the ability to generate cell types 
from all the three germ layers (endoderm, mesoderm, and ecto- 
derm), including all the somatic lineages as well as germ cells but 
rarely if ever can produce extraembryonic lineages such as those 
from the placenta. Finally, “multipotent” stem cells have a more 
limited ability, producing cell types usually restricted to a single 
organ or germ layer. Pluripotent stem cells have the widest range 
of potential applications. They can generally be classified as 
embryonic or adult, depending on their developmental stage of 
derivation. Some groups are opposed to the use of human embry- 
onic stem cells (hESCs), based on ethical and moral concerns. 
Our knowledge about the sources and potential of these cells is 
still very limited and further research is necessary with both stem 
cell types to understand their possible applications. 


Different types of stem cells 


Embryonic pluripotent cells 


Three different cell types, derived from mammalian embryos, 
have manifested pluripotency. Embryonal carcinoma (EC) cells 
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were the first to be identified and characterised during the 
1960s and 1970s (3). These cells are present in teratocarcino- 
mas, gonadal tumours that can produce cell types from the three 
embryonic germ (EG) layers (4). It is believed they are derived 
from primordial germ cells (PGCs), the embryonal precursors of 
the gametes (5). Human EC cell lines were derived by isolating 
them from the tumours and growing them on mitotically inac- 
tive layers of fibroblasts (feeder layers). Although they had been 
considered for therapeutic applications, the presence of aneu- 
ploidy was a cause for concern (3,6). This limitation led Evans 
and Kaufman (7) and Martin (8) to isolate cells from normal 
mouse blastocysts, using culture conditions optimised for EC 
cells. These embryonic stem cells (ESCs) have a normal kary- 
otype (9) and are maintained in an undifferentiated state by the 
inclusion of leukaemia inhibitory factor (LIF) in the culture 
media. Almost two decades later, Thomson et al. (10) suc- 
ceeded in establishing ESC lines from human blastocysts. A 
notable difference between human and mouse ESCs is that LIF 
is not sufficient to maintain human ESCs undifferentiated 
and it is necessary to grow them on feeder layers or feeder-con- 
ditioned medium. ESCs are derived from the inner cell mass of 
the blastocyst, and they are roughly equivalent to these cells, 
although in vivo they do not persist for any great length of time. 
The apparent immortality and the maintenance of undifferen- 
tiated features of ESCs are a result of their establishment in 
vitro. One of the greatest challenges is to control their differ- 
entiation predictably to enable selection of specific cell types 
for therapeutic application (11). Finally, EG cells are derived 
from PGCs of the postimplantation embryo. They are main- 
tained undifferentiated in the presence of feeder layers and 
have a similar potential to ESCs (12,13). 


Foetal and adult stem cells 


There are a few major groups of foetal and adult stem cells, 
including haematopoietic, mesenchymal, and neural stem cells 
(NSCs). Given their higher numbers during development, 
foetal tissue is an ideal source for the initial isolation and set- 
ting up of cultures to expand cells in vitro. On the other hand, 
adult stem cells could be targeted and mobilised by exogenous 
cues, without the need of transplantation. Pockets of stem cells 
also exist in specific organs such as the retinal stem cells present 
in the eye (14). Recently, a population of pluripotent stem cells 
has been identified in the adult mouse vestibular organ. These 
cells will be discussed more in detail below. 


Haematopoietic stem cells 


The ability to produce multiple cell lineages is retained by cer- 
tain cell types into adult life. Bone marrow haematopoietic 
stem cells (HSCs) have the capacity to reconstitute the blood 
cell progenies throughout the life of the individual. Long-term 
HSCs (LI-HSCs) are named according to their ability to give 


rise to the lymphoid and myeloerythroid lineages for life after 
transplantation into lethally irradiated mice. LT-HSCs give rise 
to short-term HSCs (ST-HSCs), which can only give rise to 
blood lineages for 8 to 12 weeks when transplanted. ST-HSCs 
in turn are the source of multipotent progenitors, which pro- 
gressively lose the potential for self-renewal. An intrinsic 
advantage of these kinds of stem cells is the possibility of using 
them for autologous transplants. They can be used to replenish 
the bone marrow of cancer patients who have undergone 
chemotherapy. By selecting HSCs based on their surface mark- 
ers, the possibility of contaminating the transplant with tumour 
cells and reinducing a spread can be virtually eliminated (15). 
The potential applications of HSCs go beyond the fields of 
oncology and haematology. Lagasse et al. (16) showed that 
HSCs could repair liver damage by giving rise to new hepato- 
cytes. Furthermore, they were able to treat fumarylacetoacetate 
hydrolase-deficient mice, a mutation producing a phenotype 
similar to human fatal hereditary tyrosinemia type I, which leads 
to severe liver failure. Seven months after transplantation, 30% 
to 50% of the liver mass in the treated animals was derived from 
donor cells. The mechanisms underlying this phenomenon are 
still unclear. Evidence suggests that the new hepatocytes 
may have been generated by cell fusion rather than by direct 
differentiation from HSCs (17,18). However, more recent 
experiments appear to support the idea of differentiation with- 
out fusion (19). Regardless of the mechanism, these experiments 
show that stem cells can be successfully used to treat a genetic 
condition by replacing a critically targeted cell population. 


Mesenchymal stem cells and 
multipotent adult progenitors cells 


Mesenchymal stem cells (MSCs) (also known as stromal cells) 
are a population located in the bone marrow that can grow as 
adherent cells in culture and can differentiate into osteoblasts, 
chondroblasts, and adipocytes in vitro and in vivo. They can be 
identified by a number of surface markers including CD29, 
CD44, CD90, and CD106, while they are generally negative for 
CD34, CD45, or CD14. Human MSC can differentiate in vitro 
into mesodermal and neuroectodermal-derived tissues (20,21). 

A subpopulation of highly plastic MSCs, known as multi- 
potent adult progenitor cells (MAPCs), has created great 
expectations in the field. They were initially isolated from 
MSCs and can also grow in vitro as adherent cells (22-25). 
Human MAPCs do not need LIF for expansion, unlike their 
murine counterparts. They can proliferate for more than 100 
population doublings without undergoing senescence. They 
lack most of the markers associated with MSCs or HSC such as 
CD34 or CD44 and express factors characteristic of ESCs such 
as oct-4 and rex-1. They have the potential to differentiate in 
vitro not only into mesenchymal progenies, but also into 
visceral mesodermal, neuroectodermal, and endodermal cell 
types (24,25). When transplanted into early embryos, they 


contribute to most, if not all, of the somatic cell types. When 
grafted into an adult host, they can differentiate into the 
haematopoietic lineages as well as contributing to the lung, gut, 
and liver epithelium. 

These cells might prove fundamental in treating a broad 
range of diseases or conditions, regardless of the tissue involved. 
They could well have the potential to produce inner ear sensory 
cells if exposed to the right cues and introduced into the appro- 
priate cellular environment. As with HSCs, a critical advantage 
is that they can be derived from the same patient, enabling 
autologous transplants that will avoid the complications of tis- 
sue rejection. Unfortunately, MAPCs appear to be notoriously 
difficult to culture and only a few labs worldwide have been able 
to maintain them. 


Neural stem cells 


The long-standing dogma that there were no cells in the adult 
central nervous system with proliferative capacity was shattered 
by the discovery of proliferating neuronal precursors (26,27). 
The main sources for derivation of adult NSCs are the subven- 
tricular zone, the hippocampus (28), and the olfactory bulb 
(29). They are normally grown as aggregates in suspension, 
known as neurospheres, although some labs have grown them 
as adherent monolayers. The multilineage potential of NSCs 
appears to stretch beyond the boundaries of neural tissue. Sev- 
eral reports have shown their ability to produce non-neural lin- 
eages such as blood (30-32) and even muscle (33). Morshead 
et al. (34) have explained this non-neural plasticity of NSC as 
artificially acquired by the passaging in vitro. It is possible that 
the initial source of derivation would have a substantial effect 
on the different lineages and neural types produced, since it has 
been proposed that not all NSCs are equal, and some may be 
temporally and regionally restricted (35). If this line of think- 
ing proves to be correct, it would indicate the need to derive 
inner ear-specific NSCs to obtain fully functional, auditory sen- 
sory neurons. On the other hand, there is evidence that adult 
NSCs display a very broad repertoire for differentiation depend- 
ing upon their cellular environment (36). Injected into the 
amniotic cavities of stage-4 chick embryos or in clonal culture 
derived from neurospheres they can form a broad range of phe- 
notypes including neural cells, muscle, mesonephric cells, and 
epithelial cells of liver and intestine. These results imply that 
stem cells in different adult tissues may be quite closely related 
and effective in “non-native” cellular environments. 


Adult inner ear stem cells 


These cells have been described very recently and a single 
report has been published so far (37), but given their potentially 
enormous importance for the treatment of deafness, they are 
included here as a separate entity. They were isolated from the 
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utricular macular epithelia of three- to four-month old mice by 
their ability to form floating spheres. When dissociated and 
plated as adherent cultures, the cells differentiated into hair cell 
and supporting cell phenotypes. Cells also expressed neuronal 
markers and, when grafted into chicken embryos, contributed 
to mesodermal, endodermal, and ectodermal derivatives. 


Can stem cells be isolated from the normal 
cochlea? 


Over the past 15 years, it has become clear that supporting cells 
in mechanosensory epithelia may harbour a limited potential to 
replace themselves and produce a new hair cell. In 1967, Ruben 
(38) used tritiated thymidine to detect the last round of mitoses 
occurring in the mouse organ of Corti. This work showed that 
hair cells and the surrounding supporting cells are born at 
around embryonic day 14.5. The synchrony of their terminal 
mitoses suggested that hair cells and supporting cells probably 
share a common progenitor. This idea was supported by a study 
on the effects of retinoic acid (39). Supernumerary hair cells 
and supporting cells were produced after treating embryonic 
cochlear explants with exogenous retinoic acid. The additional 
cells appeared without signs of cell proliferation, implying that 
retinoic acid had changed the fate of a postmitotic cell popula- 
tion into one with the potential to produce hair cells and sup- 
porting cells. This population represents prosensory precursor 
cells. Laser ablation of hair cells in the developing mouse organ 
of Corti provided further evidence that new hair cells can be 
derived from supporting cells (40). A few years later, the lineage 
relationship between hair cells and supporting cells was demon- 
strated directly in the chicken basilar papilla, the avian equiv- 
alent of the mammalian cochlea (41,42). Replication-defective 
retroviral vectors were used to label a few progenitor cells 
around the time of terminal mitoses and the vast majority of 
clones analysed later contained both hair cells and supporting 
cells. Hair cells and their immediate supporting cells also share 
a clonal relationship with the neurons (43). In mammals, there 
is evidence for low-level regenerative capacity in the utricular 
macula (44,45). Furthermore, conditionally immortal support- 
ing cell lines derived from the early postnatal mouse utricle 
have the potential to replace themselves and to produce cells 
with clear, neonatal hair cell phenotypes (46). 

As described before, a population of pluripotent stem cells 
has been identified in the adult mouse inner ear, although so far 
these cells have only been isolated from the vestibular organs 
and not from the cochlea (37). There is no firm evidence for 
the existence of a real stem cell population in the adult mam- 
malian cochlea, but it is too early to rule out the possibility. Ini- 
tial attempts to isolate a population of embryonic auditory 
progenitors have led to the derivation of several mouse and 
rat immortalised cell lines with different potential (47-51). 
Malgrange et al. (52) approached this issue by culturing cells 
from neonatal rat cochleae in the presence of epidermal growth 
factor (EGF) and fibroblast growth factor 2 (FGF2). They used 


nestin as a marker for potential stem cells. Suspensions of 
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nestin-positive cells formed “otospheres,” reminiscent of the 
neurospheres formed from NSCs, and from these cells it was 
possible to differentiate a variety of cell phenotypes, including 
hair cells. In a similar study, but working with E13.5 
math1-green fluorescent protein (GFP) transgenic mice, Doet- 
zlhofer et al. (53) were able to culture a population of progeni- 
tors that differentiate in vitro into cells displaying hair and 
supporting cell markers. These cells were only capable of pro- 
ducing math1-GFP cells for up to three weeks in vitro. The in 
vitro—generated hair cells needed EGF and the support of peri- 
otic mesenchyme for their survival. The frequency of math1- 
GFP cells dropped substantially when the cells were isolated 
from postnatal day 2 cochleae. 

Pirvola et al. (54) demonstrated with great elegance that 
FGF receptor 1 is required for proliferation of the prosensory 
cell population in the developing mouse organ of Corti. It is 
not clear how the prosensory cells are specified or how FGF sig- 
nalling is related to the expression of the cyclin-dependent 
kinase inhibitor p27. However, FGF signalling appears to 
regulate a population of “transit amplifying cells” in a manner 
that may shed light on the regulation of an endogenous stem 
cell population. The prosensory cells express the transcription 
factor SOX2 (55). This gene has been associated with multipo- 
tency and with the proliferation and maintenance of stem cells 
from diverse origins. In the ear, however, it has been proposed 
as having an instructive role, helping on the specification of the 
prosensory field by acting upstream of math1. 

A population of nestin-positive cells is normally located in 
the most basal, supporting cell layer of the sensory epithelia and 
in the inner spiral sulcus, remaining in the inner spiral sulcus of 
the rat cochlea up to two weeks of age (56). Using a GFP-nestin 
transgenic mouse, Lopez et al. (57) have described a small pop- 
ulation of Deiters cells, located underneath the outer hair cells, 
which remained positive for GFP-nestin as late as postnatal day 
60. This work provides a preliminary indication that cochlear 
stem cells might exist in postnatal life. However, nestin alone 
cannot be considered an exclusive marker for stem cells. 

Attempts to isolate populations from the adult cochlea 
have produced very limited results. A population of neural pre- 
cursors has been isolated from adult guinea pig and human spi- 
ral ganglions, although with very limited proliferative capacity 
and restricted lineage potential (58). Zhao (59) attempted to 
derive stem cells from young adult guinea pigs. Cells from six to 
eight organs of Corti were cultured in a keratinocyte medium 
supplemented with EGF, bovine pituitary extract, and 10% 
foetal bovine serum. Epithelial clones were derived, which 
appeared to have the potential to differentiate hair cells. Fur- 
ther experimental evidence is needed to identify the prolifera- 
tive capacity and potency of these cells, but the results should 
serve to encourage more studies of this kind. 

Studies in the mammalian retina illustrate the kind of evi- 
dence that may be required (14). There is no evidence for nat- 
ural regeneration in the mammalian retina, either in the 
sensory neural epithelium or in the retinal pigmented epithe- 
lium. Nevertheless, pigmented cells from the ciliary margin 


(PCM cells) of two- to three-month old mice can form 
self-renewing colonies that can differentiate into retinal 
epithelial cells, including photoreceptors. These cells are 
distinct from the retinal progenitors that are produced during 
development and which have a limited lifespan. The fact that 
PCM cells are clustered in a discrete “niche” is an important 
issue because they must inhabit an environment that maintains 
their identity (11). It is not clear if the nestin-positive cells 
identified by Malgrange et al. (52) form such a niche, although 
they do lie in a region within which ectopic hair cells can be 
induced by transfection with math1 (60). Evidence for a true 
adult stem cell population should ideally come from a defined 
group of cells in adults with direct evidence that they can pro- 
liferate and are multipotent. Interestingly, PCM cells proliferate 
without exogenous growth factors but they do not normally 
produce a regenerative response. The suggestion is that, like the 
spinal cord (61), the cellular environment is inhibitory and 
that if the inhibition is removed then the endogenous stem 
cells might effect repair. 


Efforts to drive stem cells into ear 
phenotypes and cell transplantation 


Given their immense capacity to proliferate and expand in 
vitro, ESCs are an ideal source to generate different cell types. 
Li et al. (62) demonstrated that it is possible to direct stepwise 
differentiation of murine ESCs into inner ear phenotypes. Ini- 
tially, cells were allowed to aggregate into embryoid bodies in 
the presence of EGF and insulin-like growth factor 1 (IGF) and 
then the ear progenitors expanded by adding bFGE A detailed 
experimental protocol can be found in Ref. (63). These manip- 
ulations induce the coordinated expression of hair cell 
transcription factors brn3c and math! in a single cell. Trans- 
plantation into developing chicken otocysts was followed by 
further differentiation of hair cell characteristics. Given that 
progenitors are generated after the first stage of induction, it is 
surprising that a vast majority of hair cell phenotypes were 
observed, with relatively few grafted cells that did not express 
hair cell markers. It is not yet clear if this is a peculiarity of the 
system or if other instructive signals are needed to support the 
differentiation of these progenitors into the remaining cell 
types, i.e., supporting cells and neurons. In a different study, 
murine ESCs were transplanted into mouse ears after having 
been treated with stromal cell-derived inducing activity. This 
activity, obtained by growing the ESC on PA6 feeder cells 
promotes neural differentiation (64). Cells survived for four 
weeks and expressed the neuronal marker GIlJ-tubulin, but no 
hair cell ones. Differentiation was not complete, since cells 
were still proliferating and expressing stage-specific embryonic 
antigen 3 (SSEA3), a marker of the undifferentiated state (65). 
An independent study transplanted untreated ESCs into the 
vestibulocochlear nerve and detected cells migrating centrally 
into the brain stem (66). 


In very preliminary attempts to explore therapeutic appli- 
cations of NSCs, NSCs derived from adult rat hippocampus 
were transplanted into newborn rat cochleae in the hope that 
they might be incorporated into the sensory epithelia (67). The 
experimental evidence in this study is limited but there was 
some indication of survival and integration after two to four 
weeks. In a similar work, the survival of adult NSCs was slightly 
improved by damaging the sensory epithelia with neomycin. 
NSCs that were transduced with the neurogenic gene ngn2 
showed better differentiation as neurons, but no cells were 
found that displayed hair cell markers (68). 

Preliminary transplantation studies of naive, untreated 
bone marrow MSC into adult chinchilla cochleae showed that 
although some cells had grafted, the proportion that presented 
neuronal differentiation was low (about 0.4%) (69). Differenti- 
ation of MSC could improve greatly by in vitro manipulations. 
In a more recent study, differentiation of glutamatergic sensory 
neurons was induced from MSC after exposure in culture to 
sonic hedgehog and retinoic acid. It is unclear if the initial pop- 
ulation isolated from the bone marrow included MAPCs, since 
no characterisation of the surface markers was performed (70). 

Some attempts have been performed using allograft and 
xenograft implants of foetal dorsal root ganglion into adult rat 
and guinea pig cochleas (71-73). This tissue survived in the host 
for a few weeks, and cells were retained mainly in the scala tym- 
pani and along the auditory nerve fibres of the modiolus, but no 
evidence has yet been produced of the formation of synaptic 
connections with the host hair cells. These are not stem cells or 
progenitors, and hence they do not offer an expandable, renew- 
able source. This type of experiment, however, could offer 
insights into the feasibility of integration and survival of donor 
tissue and help to ascertain different surgical approaches. 


Stem cell-based therapy holds 
promise, but many challenges 
lie ahead 


The application of stem cells to the development of therapies 
for deafness is creating hopes and expectations. They have a 
potential that goes beyond other technologies. Gene therapy 
for instance aims to replace or correct a single defective gene. 
Unlike most metabolic disorders where the defect lies in an 
enzymatic gene, many forms of hereditary deafness are produced 
by mutations in genes encoding cytoskeletal, structural, or 
channel proteins, whose lack of function leads to a direct or sec- 
ondary degeneration of several cell types (74-77). Although 
exciting results including restoration of auditory function have 
been obtained by replacing the math! gene into acutely deaf- 
ened guinea pigs (78), this kind of approach alone may not 
work in many chronic conditions where the general cytoarchi- 
tecture of the inner ear has been disrupted. A cell-based ther- 
apy could contribute not only to restoring the critical hair cells 
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and neurons, but also to rebuilding the entire cytological frame. 
Other important cell types, like those in the stria vascularis, 
could also be targeted in this kind of therapy. 


Endogenous stem cells or 
transplantation? 


As mentioned before, there are two ways of exploiting our 
knowledge of stem cells in the inner ear. The first is to trans- 
plant stem cells into the region of the damaged tissue. The sec- 
ond is to awaken any dormant, endogenous stem cells and 
encourage them, possibly by removing inhibitory signals, to 
regenerate lost tissue. Assuming that endogenous stem cells 
exist in the adult cochlea, it will be necessary to goad them into 
action with the appropriate signals. Latent neural progenitors 
in the adult hippocampus can be stimulated by EGF and FGF2 
to repair ischaemic damage to CA1 pyramidal neurons (79). 
The response is subtle. If the growth factors are applied simul- 
taneously with the ischaemia, they do not protect the CA1 
neurons from subsequent degeneration and apoptotic death. 
However, they stimulate upregulation of cell-specific transcrip- 
tion factors within the first day. Proliferation of replacement 
neurons occurs within four days of treatment, preceding neu- 
ronal loss. By 28 days, there are clear signs of both structural 
and functional recovery. This work suggests that stimulation 
with the appropriate growth factors at the appropriate time can 
activate an effective endogenous response. It will be of interest 
to know whether this can also be done following long-term 
damage. 

By drawing information from other systems and the limited 
studies in the ear so far, it could be suggested that a more suc- 
cessful approach would be obtained when stem cells, regardless 
of their origin, are exposed in vitro to specific signals that would 
trigger the initial programs of differentiation. Transplanted 
“naive” stem cells, although homing and surviving into the dif- 
ferent regions of the cochlea, may not produce the diversity of 
fully differentiated cell types needed. It is likely that the neces- 
sary signals and cues to drive a particular lineage are no longer 
in place in the adult cochlea and the cells would need to be 
“jump-started” into a given lineage a priori. The “priming” of 
cells pretransplantation would be particularly important with 
ESCs and other pluripotent cells types, when highly undiffer- 
entiated cells could pose a tumourigenic risk. 

Transplantation experiments depend largely upon trial and 
error because there are so many unknown variables in the in 
vivo environment. The main targets for transplantation have 
been Parkinson’s disease, Huntington’s disease, epilepsy, and 
stroke (80). In these cases, clinical trials have been based 
mainly upon the use of primary foetal neural tissue, a rather ill 
defined and controversial source. Successful experiments with 
retinal tissue have been discussed earlier. However, functional 
replacement of hair cells by transplantation is probably harder 
than replacement of brain cells, retinal cells, or pancreatic cells. 
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This is because hair cells are highly structurally specialised and 
need to be placed with micron accuracy to be coupled to the 
sound stimulus. Replacement of surrogate hair cells may be ben- 
eficial if they secrete the appropriate growth factors and thus 
help to retain the innervations. This kind of intervention 
would be most constructive in conjunction with cochlear 
implants. In the same context, it may be easier to replace or 
regenerate spiral ganglion neurons. 


How to deliver them? 


The delivery of stem cells will very likely require improvement 
and sophistication of current surgical techniques. A potential 
way of access could involve the round window, a route increas- 
ingly used for drug administration (81), or a cochleostomy in its 
proximity, as normally performed to place the array of elec- 
trodes in a cochlear implant (82). Experiments performed so far 
have delivered the cells into the modiolus (69,83) or into the 
perilymphatic space by drilling a small hole either into the scala 
tympani at the basal cochlear turn (73) or into the lateral semi- 
circular canal (84). These ways of delivery should be appropri- 
ate for neurons, but for the replacement of the sensory 
epithelium, cells would ideally have to be injected directly into 
the scala media. Iguchi et al. (84) have experimented by 


drilling through the stria vascularis of the second turn. A con- 
siderable number of transplanted cells were located in the scala 
media, but as expected, a substantial elevation of the ABR 
thresholds was produced. 


Xenotransplantation 


To transfer this technology to a clinical application, sources for 
stem cells will need to be scrutinised, not only in terms of tissue 
of origin, but also in terms of species. The use of animal tissue 
as donors for transplantation into humans, or xenotransplanta- 
tion, is certainly a possibility. Pig cells, for instance, have been 
used to treat certain conditions such as diabetes (85) and 
Parkinson’s disease (86). This approach, although attractive for 
the relatively availability of the source, is saddled with several 
limitations. Xenotransplants elicit a significant immune rejec- 
tion both from the acquired and from the innate systems. This 
is a formidable obstacle to overcome, requiring substantial 
immmunosuppression, even considering that the inner ear may 
be an immunoprivileged organ. Moreover, the possibility of 
pathogens crossing across species is a certain risk. Porcine 
endogenous retrovirus, for instance, has been shown to infect 
human cells (87), and more control experiments and closely 
monitored trials are required (88). Besides (or perhaps because 
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Figure 21.1 Human embryonic stem cells in culture. (A) Colonies of 
undifferentiated cells growing on mouse feeder layers. (B) Differentiation is 
induced by detaching the colonies and allowing the cells to aggregate into 
embryoid bodies. (C) Embryoid bodies are later dissociated and grown as a 
monolayer. 


of) all these limitations, an increased resistance is building up 
among patients to receive cell-based therapies from other 
species. Even in potentially life-threatening conditions such as 
diabetes type 1, more than 70% of the patients interviewed 
rejected the idea of pig islet xenotransplants (89). 

The problems presented by xenotransplantation could be 
minimised by the use of human stem cells. Our laboratory is 
developing ways to direct hESCs cells into auditory phenotypes 
(Fig. 21.1), as well as establishing human auditory stem cells 
from other sources (90). hESCs also appear to offer the peculiar 
advantage of possessing immunoprivileged properties, not 
eliciting an immune response (91). 

The therapeutic application is not the only reason to 
develop a human-based system. Basic differences in the biology 
of human stem cells are becoming more apparent when 
compared to other species. For instance, the surface antigens 
SSEA-3 and SSEA-4 are expressed by human but not mouse 
ESCs, while SSEA-1 is expressed by mouse but not human 
ESCs (92). More important is the dependence of undifferenti- 
ated mouse ESCs on LIE Human ESCs do not require LIF but 
need to grow on feeder layers (10). Comparison of the tran- 
scriptome of human and mouse ESCs by gene expression arrays 
(93,94) as well as by massively parallel signature sequencing 
(95) has shown substantial differences in the profile of tran- 
scripts expressed as well as in the use of signalling cascades. 
Human stem cells could therefore provide species-specific 
answers to fundamental biological questions. 


Conclusions 


Although the field of auditory stem cell research is still in its 
infancy, important advances are already taking place. The dis- 
covery of a population of pluripotent stem cells in the adult 
vestibular epithelia has opened the possibility of devising strate- 
gies to recruit these cells to repair injury. An equivalent cell 
type found in the adult cochlea would be a phenomenal thera- 
peutic target, but all the attempts so far to prove if that popula- 
tion indeed exists have failed. Using alternative stem cell 
sources that can be coerced into inner ear cell types is then a 
sensible complementary strategy and a few labs worldwide are 
working on finding ways to instruct these stem cells into the 
path of auditory fate. Improving the surgical techniques avail- 
able will facilitate their delivery. Finally, the identification and 
isolation of human auditory stem cells will take these technolo- 
gies closer to a realistic clinical application. 
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Tissue transplantation 


into the inner ear 


Introduction 


For hearing impaired individuals, rehabilitative measures have 
traditionally been based on technical solutions. These include 
primarily hearing aids, which essentially only amplify and filter 
the incoming sound signals and present them to the ear using 
the natural pathways (auditory canal—-middle ear—inner ear) 
without interfering with the integrity of the auditory system. 
Cochlear prostheses (cochlear implants) represent a much more 
invasive approach to regain auditory function. By implanting 
an electrode (or rather, an array of electrodes) into the fluid- 
filled scala tympani, the damaged sensory cells are by-passed 
and the neural pathways leading to more central auditory nuclei 
are stimulated directly (Fig. 22.1). This elicits a sensation of 
hearing despite missing sensory receptors. The efficacy of the 
cochlear prosthesis depends very much on the number and 
functional state of the remaining spiral ganglion neurons (1,2). 
Another key factor for stimulation is the quantity and quality of 
the contacts between the neural elements (nerve cells and 
neural processes) and the electrode. To establish optimal stim- 
ulation conditions, the electrode surfaces should be as close as 
possible to the spiral ganglion neurons. Ideally, spiral ganglion 
cells should be in direct physical contact with the electrode 
plates on the cochlear implant. The necessity for a significant 
cell population and/or close electrode-cell contacts has insti- 
gated attempts to increase the number of spiral ganglion cells 
within the cochlea and to find ways of bridging the distance 
between the stimulating electrode and the target cells. For 
replacing cells within the injured mammalian cochlea, several 
possible approaches could be proposed. Generation of new 
sensory cells or neurons by activating cochlear stem cells or 
rather progenitor cells (3,4) (Wei D et al., unpublished work), 
or by conversion of supporting cells (5) seems no longer unre- 
alistic but is for the foreseeable future not clinically feasible. An 
interesting and more immediate alternative could be a cell 
replacement therapy based on tissue or cell transplantation. 
Tissue transplantation approaches have been applied to 
several other biological systems in order to treat incapacitating 


disorders. In addition to whole organ transplantation, e.g., 
heart, kidney, and liver, there has been an increasing interest in 
the therapeutic potential of cell transplantation. Significant 
work has been performed, both experimentally and clinically, to 
study beneficial effects of cell-based therapies on Parkinson’s 
disease (6-8). The loss of dopaminergic neurons in the sub- 
stantia nigra causes severe motor deficits, some of which can be 
reduced by drugs such as dopamine and levodopa. For a more 
permanent treatment effect, replacing the dopaminergic 
neurons by neural transplantation has been tested. The results 
were initially very promising and provided proof of the 
principle that transplanting foetal dopaminergic neurons could 
give significant and prolonged functional effects. Recent 
double-blind studies have presented less-convincing results and 
have drawn attention to issues that remain to be resolved in 
order to make cell therapy a reliable clinical tool in the treat- 
ment of Parkinson’s disease (9,10). Neural tissue as well as 
embryonic and adult stem cells has been tested in the treatment 
of several nervous system disorders, e.g., Huntington’s disease, 
Alzheimer’s disease, and spinal cord injuries (11-18). In the 
olfactory system, it has been shown that the adult neural stem 
cells can generate olfactory bulb neurons following injury (19). 
However, among the sensory systems, most interest has 
been focused on the eye and the possibility of retinal repair. 
Experimental observations have shown that the embryonic 
retina transplanted to the rat brain can establish projections to 
the superior colliculus (20) and can even drive a pupillary reflex 
in the eye of the host animal (21). This work clearly demon- 
strates that sensory tissue can integrate both structurally and 
functionally. Transplantation of retinal tissue and retinal pig- 
ment epithelium directly to the retina, the subretinal space, and 
the vitreous has shown promising results in terms of survival 
and differentiation (22). Retinal cells have been transplanted 
to visually impaired patients, e.g., individuals having macular 
degeneration or retinitis pigmentosa, but so far the visual ben- 
efits have been less promising (23). The present focus has 
shifted towards using stem cells, which have been reported to 
migrate, integrate structurally, and even differentiate when 
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Figure 22.1 Schematic illustration of the fluid-filled scalae of the cochlea. The 
main site for inner ear cell transplantation is scala tympani, which is adjacent to 
the spiral ganglion inside Rosenthal's canal. Scala tympani is also the location of 
the cochlear prosthesis electrode, which, in patients with severe degeneration of 
the hearing organ, is used for stimulating the spiral ganglion neurons. 


transplanted to the degenerating retina. However, as brain- 
derived progenitor cells do not seem to readily differentiate into 
the proper retinal neurons (22), other approaches are being 
explored. Differentiation along a retinal lineage could possibly 
be facilitated by using the more adaptable embryonic stem cells 
or modifying the brain-derived stem cells prior to transplanta- 
tion. An alternate approach would be to isolate progenitor cells 
from the retina itself and use these cells for transplantation pur- 
poses. Indeed, it has been shown that when transplanted to the 
diseased adult retina, these progenitor cells express both an 
integrative plasticity and the capacity to differentiate into reti- 
nal neurons and photoreceptors (22). 

Although far from conclusive in terms of clinical applica- 
bility, the very promising results from experiments on neuro- 
degenerative or sensory disorders such as Parkinson’s disease 
and visual impairment have prompted similar studies focusing 
on the auditory system. This chapter will outline the rationale 
underlying recent efforts to make use of cell and tissue trans- 
plantation for treating the injured inner ear. It should be noted 
already here that inner ear transplantation is still at an early 
experimental level and thus very far from being a clinical tool. 
Irrespective of whether tissue transplantation will be imple- 
mented in clinical practice, the efforts are revealing valuable 
fundamental principles. Recent observations, primarily from 
our own laboratory (24), illustrating the approaches used so far 
will be discussed, as well as the future steps that need to be 
taken to fully prove the concept. 


Transplantation rationale 


The aim of tissue transplantation into the inner ear, as 
defined here, is to create a cell-based therapy for the injured or 


degenerating inner ear. Before discussing how this can be 
realised, it is essential to define the objectives, i.e., the reasons 
for transplanting cells as well as what cells to target. The over- 
all reason, of course, is to regain auditory function following 
severe inner ear trauma or degeneration, suggesting that clini- 
cally, tissue transplantation would be considered primarily in 
adult individuals. This adds a significant constraint, as the 
mature inner ear most likely is less “receptive” to foreign tissue. 
Not only will structural integration be more challenging in a 
system already formed, but also the immune response is 
expected to be more efficient thus causing the graft to be 
rejected. 

At the cochlear level, transplanting tissue or cells into the 
inner ear can have different purposes. The most obvious reason 
for transplantation is to “replace” missing or injured cells with 
exogenous cells. This goal imposes, however, considerable 
requirements for the transplantation to be successful. The new 
cells must not only survive at the proper site in the host inner ear 
but also completely integrate both structurally and functionally, 
and, if transplanting immature cells, differentiate to the specific 
cell type they are to replace. Inner ear pathologies primarily affect 
the sensory inner and outer hair cells within the hearing organ 
and, as a secondary effect of hair cell loss, the spiral ganglion neu- 
rons. The mammalian hearing organ has an exquisite three- 
dimensional organisation where each cellular element needs to 
be precisely positioned and connected in order to maintain nor- 
mal auditory function. For the hair cells, this is especially true. 
Realistically, it is hard to imagine exogenous cells to functionally 
replace inner or outer hair cells. A more probable cell target 
would be the spiral ganglion neurons, which are less-strictly 
organised. In addition to replacing the neurons per se, implanted 
exogenous cells could function as an intermediate cellular “build- 
ing block,” bridging the distance between a cochlear prosthesis 
electrode and the spiral ganglion neurons (Fig. 22.1). 

It should be noted that the purpose of transplanting cells 
need not necessarily be to replace old cells but can equally well 
be to supply exogenous factors to “support” or “maintain” the 
host cells, and thus halt or slow down an ongoing degenerative 
process. There is ample evidence that exogenously adminis- 
tered substances such as neurotrophic factors and antioxidants 
can prevent inner ear injuries and stop the progress of degener- 
ative processes (25). The idea would be to introduce cells into 
the cochlea that could release, for example, neurotrophic fac- 
tors needed to maintain viable spiral ganglion neurons or hair 
cells. The requirements for the final location of the implanted 
cells within the cochlea would be much less precise and there 
would be no need for the cells to form functional contacts with 
the host tissue. Moreover, by genetically modifying the cells, 
theoretically any biological substance could be released. 
Although the focus of present research, as well as of this chap- 
ter, is on replacement therapies, efforts to augment auditory 
function will most likely increase in the near future. Not only is 
there a clinical urgency to find cures against progressive hearing 
loss, e.g., presbycusis, but also it will undoubtedly be much eas- 
ier to rescue cells that are already present and integrated than 


to introduce new cells and expect them to become fully inter- 
connected and functional. 

If a cell replacement therapy aiming at introducing exoge- 
nous cells to replace missing spiral ganglion cells should ever be 
considered clinically feasible, there are a number of important 
issues to address. What cell types could be used and from which 
donors? What are the possible transplantation sites in the inner 
ear? Will exogenous cells survive at all in the inner ear—and for 
how long? Will immature cell types differentiate into function- 
ally appropriate cochlear cells? Will implanted cells migrate to 
functionally relevant regions and can they integrate with the 
host tissue, e.g., to establish contacts that may convey auditory 
information to the nervous system? And finally, can exogenous 
cells play a functional role in their new environment? 


Donor tissue 


There are several cell types that could be used for transplanta- 
tion into the inner ear. Among the candidates that are being 
explored are embryonic and adult stem cells, embryonic neural 
tissue, and auditory progenitor cells, but there are likely several 
other cell types that will prove interesting. Moreover, modern 
molecular tools make it feasible to further design the donor cells. 
In addition to the particular cell type, the species of the donor 
must be considered. As with all transplantations, there is a 
potential risk of an adverse immune response against the grafted 
tissue—a host-versus-graft reaction—leading to transplant 
rejection. Most advantageous would be the use of cells from the 
individual (the recipient or host) itself, so-called autografting 
(Fig. 22.2). An autologous approach, which essentially elimi- 
nates the host reaction, is used in, e.g., cancer treatment in order 
to protect the patient’s bone marrow (the cells of which are 
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Figure 22.2 Possible donors for cell and tissue transplantation. Allografting is 
defined as transplanting tissue from individuals of the same species while 
xenografting involves a donor from another species, e.g., mouse-to-human. In 
both cases, immmunosuppression is often required to limit host-versus-graft 
reactions. Tissue can also be obtained from and transplanted to the same 
individual, autografting. 
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collected before onset of treatment and then retransplanted). 
This approach, also using bone marrow cells, has been applied to 
the inner ear with positive results (26). An alternative is to use 
tissue from another individual of the same species, allografting. 
This is currently the most common situation for clinical tissue 
transplantation. When using tissues from another individual, it 
is important to find donors as close to the recipient as possible to 
have optimal human leukocyte antigen (HLA) matching. HLA 
antigens are formed by the major histocompatibility complex 
(MHC), which assists the immune system in discriminating self 
from nonself, i.e., identifying foreign bodies in the organism. 
It is, however, very unlikely for unrelated people to be MHC- 
identical. The need for close HLA matching depends on the 
transplantation site. In bone marrow transplantation, HLA 
matching is essential whereas in, e.g., corneal transplantation, it 
is less significant. The eye and some other tissues such as the 
brain are considered to be immunologically privileged sites 
where the immune system activity is very much reduced. The 
inner ear, however, is not an immune-privileged site as once 
thought (27). For clinical applications where human tissue is 
not readily available, e.g., for ethical reasons, the use of tissues 
from other species, i.e., xenografting must be considered. With 
the possible exception of autografting, transplantation often 
requires some kind of immmunosuppression to avoid adverse 
tissue reactions. 


Stem cells 


A stem cell is characterised by its capacity to self-renew and 
give rise to a wide range of different cell types. The stem cell 
needs to maintain full phenotypic plasticity, multipotentiality, 
for several generations until the occurrence of so-called asym- 
metric cell division when one daughter cell remains multipo- 
tent while the other differentiates into a mature cell. There has 
been a massive focus on stem cells due to their potential to 
replace degenerated cells, both for endogenous cell regenera- 
tion and for therapeutic purposes (28-30). Two principally 
different types of stem cells are considered for transplantation 
into the inner ear, embryonic stem cells, and adult stem cells. 
However, within each group, there are numerous types of stem 
cells, each with its specific origin and lineage commitment, 
survival capability, etc. It is thus very difficult to compare the 
outcome of different experiments. 

Embryonic stem cells are obtained from a very early stage of 
embryological development, from the inner cell mass of the blas- 
tocyst. These cells are especially interesting as transplantation 
candidates as they are both very proliferative and totipotent, i.e., 
capable of generating all tissues of the mammalian body 
(28-30). The cells can replicate indefinitely in vitro and it is 
thus feasible to culture them on a large scale. Their capacity to 
give rise to new cell types can be demonstrated by injecting 
embryonic stem cells into immunodeficient mice, resulting in 
the formation of benign teratomas containing cells of all three 
germ layers. If embryonic stem cells can be made to differentiate 
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into true spiral ganglion cells, it would create a nearly unlimited 
source of transplantable cells for inner ear treatment. 

There are several human embryonic stem cell lines avail- 
able today. These cells are potentially very interesting in that 
they are expected to elicit less immune response in a clinical 
context as compared to cells from other species and would thus 
be a practical source for transplantation (allografting). How- 
ever, as human embryonic stem cells primarily originate from 
discarded embryos produced for in vitro fertilisation, there are 
significant ethical and political issues that need to be addressed 
as well. 

Stem cells are not restricted to foetal development but exist 
also in several tissues of the adult body. Multipotent adult stem 
cells thus normally produce new differentiated cells necessary 
for maintaining functional tissues and restoring degenerated 
cells. However, the differentiation potential of adult stem cells 
is much more restricted than that of embryonic stem cells. An 
important observation is that adult stem cells seem to be able to 
transdifferentiate, i.e., differentiate into cell types other than 
that of the original tissue (31). It would thus be possible to 
employ an autologous approach by which stem cells from a 
patient would be isolated, transdifferentiated into the proper 
progenitor cell, and transplanted back (autografting) to the 
impaired tissue of the same individual. This should not only 
reduce or eliminate an adverse immune response to the graft but 
also circumvent the ethical problems related to human embry- 
onic stem cells. However, adult stem cells are relatively rare in 
mature tissues, and as methods for expanding their numbers in 
cell culture have not been fully worked out (in contrast to embry- 
onic stem cells), it may be difficult to obtain the large numbers of 
cells that are needed for stem cell replacement therapies. 

The multipotentiality of stem cells offers great possibilities 
for a stem cell chosen for transplantation purposes to differen- 
tiate into the desired cell type. However, what cell type a cer- 
tain stem cell eventually will produce is impossible to predict. 
It may thus be more practical to use progenitor cells, i-e., more 
specialised cells that will develop into mature, differentiated 
cells of a specific type. Using progenitor cells may also reduce 
the risk of uncontrolled proliferation following transplantation, 
as undifferentiated stem cells by definition are tumourigenic. 


Neural tissue 


Stem cells, by definition, do not have a definite lineage com- 
mitment. Thus, to overcome the uncertainty as to what will be 
the resulting cell type when transplanting undifferentiated stem 
cells, more specialised or mature cells could be used, e.g., 
neurons. Transplantation of foetal or adult neural tissue has 
been tested with relatively positive results in both animal 
models and patients with Parkinson’s disease (32,33). For inner 
ear treatment, the obvious choice would be to transplant spiral 
ganglion neurons since these are the cells to be replaced. Fetal 
and adult spiral ganglion cells can be obtained quite easily in 


experimental models. Also adult human spiral ganglion cells 
have been isolated (34), but the numbers are most likely too 
few for transplantation. It is thus of interest to test also other, 
nonauditory cell types such as cranial nerve or sensory ganglion 
cells. For example, cells from dorsal root ganglia have been used 
for grafting in the peripheral nervous system (14). As immature 
tissue generally has a greater capacity for regeneration than that 
of the adult, embryonic or foetal neural tissue should preferably 
be used for transplantation. 


Auditory progenitor cells 


The observations of pluripotent stem cells in a wide range of tis- 
sues in the mature individual, including the adult brain, suggest 
that also the inner ear contains stem cells. Auditory stem cells 
would certainly constitute the ideal candidate for a cell replace- 
ment therapy, but it is questionable whether the number of 
stem cells present in the adult inner ear is sufficient. It is prob- 
ably more feasible to imagine that progenitor cells could be iso- 
lated for transplantation purposes. While these cells should 
have lost their multipotentiality, they would, compared to 
embryonic or nonauditory adult stem cells, already have 
adopted the proper lineage and be “set” to become cochlear 
cells. Recent findings of inner ear progenitor-like cells (3,4) 
(Wei et al., unpublished work) are very promising and offer 
exciting possibilities. The number of progenitor cells that can 
be obtained is very low and a cell line based on these cells 
would need to be established in order to more readily provide 
cells for implantation. 


Transplantation sites 


The site of transplantation should ideally be the same as the 
location of the cells that are to be replaced. In the cochlea this 
is however not feasible. The spiral ganglion cells are to be found 
in Rosenthal’s canal, located within the bony tissue well inside 
of the cochlear scalae. To directly place cells here would signif- 
icantly risk destroying the integrity of the cochlea and further 
injuring remaining functional elements. Moreover, the spiral 
ganglion is not contained at a single restricted location but “spi- 
rals” along the length of the cochlea and is thus not so easily 
targeted. Fortunately, transplanted cells, and especially stem 
cells (35), seem to readily migrate from the transplantation site 
to the target. It is thus feasible to transplant cells into the fluid- 
filled scalae and expect the cells to reach relevant locations fur- 
ther away. Surgically, the scala tympani in the basal cochlear 
turn is easily reached and by either penetrating the round win- 
dow or making a small cochleostomy, cells can be introduced 
into the cochlea. Once inside the scala tympani and within the 
perilymphatic compartment, the cells can theoretically reach 
throughout the cochlea. The transplantation site is adjacent to, 


but separated from, both the hearing organ and the spiral gan- 
glion, but the physical barriers between the compartments are 
not absolute. There are plenty of microscopic fenestrations 
[canaliculae perforantes (36,37)] within the bone separating 
the scala tympani from Rosenthal’s canal, thus providing a pos- 
sible path for the implanted cells to reach the spiral ganglion 
neurons. Implanted cells can then, by following the nerve 
fibres, reach also the hearing organ. There are fenestrations also 
connecting Rosenthal’s canal to the scala vestibuli, but this site 
is somewhat further away from the spiral ganglion and also less 
accessible. The perilymphatic compartment can also be 
accessed via the vestibular part of the inner ear, e.g., the lateral 
semicircular canal (38). Another alternative is to transplant 
cells into the scala media, an approach that has been used, e.g., 
for viral vector administration aimed at the cells within the 
hearing organ (5). This would, however, position the cells 
within the endolymphatic compartment and they would not be 
expected to reach the spiral ganglion. 


Transplantation outcome 


Inner ear tissue transplantation is as yet at a very early stage and 
the measures for evaluating its outcome must thus be defined 
accordingly. At this time the emphasis should be on proving the 
concept, demonstrating that transplanting exogenous cells to 
the inner ear could be of potential use for treating hearing 
impairment. A key issue is whether exogenous cells will survive 
at all in the inner ear. The primary transplantation site, the 
scala tympani, is fluid-filled and essentially lacks a structural 
matrix that may be critical for cell growth. It is also important 
to explore whether implanted cells will migrate to functionally 
relevant regions. In the case of immature cells, it must be 
demonstrated that they can differentiate into appropriate cell 
types. The exogenous cells need to interact with the local 
milieu and a critical assessment will be whether the cells inte- 
grate with the host tissue. Finally, the most important question 
is to what extent transplanted cells can play a functional role. 
A few recent observations illustrating these aspects of cell and 
tissue transplantation to the inner ear will be reviewed here. 


Survival of transplanted cells 
in the host inner ear 


All different cell types transplanted into the inner ear up to 
now seem to survive. For example, when embryonic (embryonic 
days 13-14) dorsal root ganglion cells were transplanted to the 
adult inner ear, surviving donor cells were found in more than 
half of the recipient animals (39-42). A somewhat surprising 
observation was that there was no apparent difference between 
allografting (transplanting guinea pig cells into guinea pigs) and 
xenografts (mouse to rat). For time periods of up to 10 weeks, 
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surviving cells could be found in the cochlea but there was 
a clear tendency for decreasing survival rates with time. 
Simultaneous application of growth factors (e.g., nerve growth 
factor or a combination of brain-derived neurotrophic factors 
and ciliary neurotrophic factor) enhanced cell survival 
(39-43). There was no obvious difference between cell survival 
in normal and deafened animals. This is contrary to when trans- 
planting adult neural stem cells (44), where cell survival was 
greater following transplantation into the damaged inner ear. 
The results suggest that injured inner ear tissue may release fac- 
tors promoting, e.g., cell survival, similar to what has been 
described in other systems (35,45), but that the impact of these 
factors depends on the characteristics of the transplanted tissue. 

The survival of transplanted adult neural stem cells was 
noticeably lower than for dorsal root ganglion cells. In about 
half of the implanted animals, surviving cells were found at two 
weeks after transplantation. However, at four weeks, no surviv- 
ing cells could be found (44). The survival rate of neural stem 
cells was undoubtedly low but is in line with results presented 
by Iguchi et al. (46). A slight improvement was observed after 
transfecting the cells with neurogenin 2 in an attempt to 
increase cell survival by promoting differentiation into a neural 
fate (44). Still, it was estimated that less than 0.1% of the 
implanted adult stem cells actually survived within the cochlea. 
Using embryonic stem cells expected to proliferate extensively 
and even to form teratomas at the transplantation site, the 
results were equally discouraging (47). However, cell survival 
was greatly enhanced when the stem cells were implanted 
together with embryonic neural tissue (cografting) (47) sug- 
gesting that an essential component for the survival of 
implanted cells is missing in the normal adult cochlea. 

When tissue is transplanted into the scala tympani, the 
cells are placed in a fluid-filled compartment without much 
structural support and possibly lacking tropic factors. In a non- 
permissive local environment, low survival rates are only to be 
expected. Cells thus need to migrate to more accommodating 
locations, e.g., the spiral ganglion region. The tropic support is 
most likely better among the host neurons but it should be 
noted that the spiral ganglion is tightly enclosed in Rosenthal’s 
canal, a bony canal leaving little room for cell proliferation, at 
least in the normal inner ear. The physical properties of the 
cochlea may actually constitute an environment that is 
unfavourable for the survival and proliferation of exogenous 
cells and it is thus crucial to identify permissive factors for 
developing a cell substitution therapy. The positive results on 
cell survival when embryonic stem cells were cografted with 
dorsal root ganglion tissue support this notion. 


Localisation to functional relevant sites 
in the inner ear 


While in the scala tympani, the implanted cells are at a dis- 
tance from and physically separated from their main target, the 
spiral ganglion region in Rosenthal’s canal. Ideally, the cells 
should migrate to more functionally relevant locations. It is, 
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however, interesting to observe where the exogenous cells 
localise also within the scala tympani. A consistent observation 
was that surviving cells were found close to the spiral ganglion 
region, along the bony wall separating the scala tympani from 
Rosenthal’s canal, suggesting the release of tropic factors at the 
location. This was true for both embryonic dorsal root ganglion 
cells and stem cells. Cells were also found inside Rosenthal’s 
canal, among the spiral ganglion cells. The experimental pro- 
cedures were quite different and it is difficult to make direct 
comparisons but it appeared as if the number of surviving dor- 
sal root ganglion cells found within Rosenthal’s canal 
was greater than for stem cells. Implanted cells, both dorsal 
root ganglion neurons and stem cells, were also seen at loca- 
tions along the nerve fibres projecting to the organ of Corti 
(Fig. 22.3). Transplanted stem cells were often found in the 
scala vestibuli of the same turn, demonstrating that cells placed 
into the scala tympani have the potential to reach functionally 
relevant regions also well outside of the actual transplantation 
site. This observation is in agreement with results reported by 
other groups (26,46). 

For a cell therapy approach aiming at restoring impaired 
function, implanted cells need to be able to convey auditory 
information from the periphery to more centrally located 
nuclei. Although strictly speaking not an inner ear transplanta- 
tion approach, interesting results have been obtained from 
experiments where cells have been transplanted directly to the 
auditory nerve, i.e., centrally of the cochlea and the inner ear. 
It was thus shown that dorsal root ganglion cells or embryonic 
stem cells transplanted to the transected auditory nerve 
migrated along the nerve fibres in the internal auditory meatus 
and in some cases even reached close to the cochlear nucleus in 
the brain stem (42). Interestingly, Ito et al. reported that 
embryonic brain tissue transplanted to the acutely transected 
ventral cochlear tract resulted in not only regeneration but also 
functional recovery (48). The results indicate that a target of 
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Figure 22.3 Adult neural stem cells (expressing green fluorescent protein) 
localised along the nerve fibres projecting to the hearing organ two weeks 
following transplantation into scala tympani (xenograft: mouse-to-guinea pig). 
Source: Modified from Ref. 44. 


inner ear tissue transplantation could very well be also within 
the central auditory nervous system. 


Differentiation to neural cells 


Whereas cells of the dorsal root ganglion have a predetermined, 
definite neural fate, the end result is much more uncertain when 
transplanting stem cells. It is thus important to clarify to what 
extent cells with much less clear lineage commitment will dif- 
ferentiate into relevant cell types in the inner ear. A clearly dis- 
appointing finding was that adult neural stem cells transplanted 
into the normal inner ear expressed no neural differentiation at 
all. There was only sporadic differentiation into glial cells (44). 
On the other hand, lack of cell differentiation is maybe not so 
remarkable from a functional perspective. In the normal, unper- 
turbed inner ear one would not expect the necessary cues for ini- 
tiating stem cell proliferation or differentiation to be present, 
rather the opposite. Thus it was attempted to induce a func- 
tional “need” for neural differentiation by chemically deafening 
the inner ear using neomycin, creating extensive hair cell loss 
and a progressive degeneration of spiral ganglion neuron. 
Indeed, when adult neural stem cells were transplanted into the 
injured inner ear not only was the survival rate greater but the 
cells were also observed to differentiate into cells staining posi- 
tive for a neuronal marker (AllIl-tubulin) (44). Similar results 
have been reported by Tateya et al. (49). This clearly indicates 
that the injured inner ear may release factors that are beneficial 
for implanted cells. Identifying these factors is not only of great 
scientific interest but also is imperative for furthering the cell 
therapy approach. Transplanted embryonic stem cells were 
observed to differentiate into neuronal cell types [6lII-tubulin 
positive (47)] also in the normal inner ear. The ratio was, how- 
ever, still discouragingly low and, contrary to what was observed 
using adult stem cells, no improvement was seen when implant- 
ing cells in the injured inner ear (47). 

A methodologically very interesting approach to enhance 
cell differentiation is to genetically modify the cells prior to 
transplantation. For example, transducing adult neural stem 
cells with neurogenin 2 has been shown to significantly increase 
neural differentiation (50). Transplantation of similarly trans- 
duced cells to the inner ear gave encouraging results but the 
survival rate was still low (44). However, the results would most 
likely improve by delivering other genes, more suited for the 
differentiation into sensory cells [e.g., neurogenin 1 (51)]. 

It is evident that the specific characteristics of the host 
local environment will affect survival and differentiation of 
the exogenous cells and thus determine the transplantation 
outcome. This is illustrated by an experiment, in which small 
tissue pieces of embryonic (E13—14) dorsal root ganglia were 
transplanted into the scala tympani at the same time as embry- 
onic stem cells (47). The hypothesis that the embryonic neural 
tissue would release factors beneficial to the implanted cells was 
clearly supported by the findings that the presence of a cograft 


not only enhanced cell survival but also promoted neuronal dif- 
ferentiation of transplanted, undifferentiated embryonic stem 
cells. However, more work is undoubtedly required to clarify the 
environmental requirements for cell differentiation. 


Structural integration of exogenous cells 
in the host inner ear 


The encouraging observations of surviving transplanted exoge- 
nous cells adjacent to and even within the spiral ganglion as well 
as along the nerve tracts lead to the important issue of integra- 
tion—will the cells actually establish contacts? Although present 
results are not entirely conclusive they clearly suggest this to be 
possible. For example, implanted embryonic dorsal root ganglion 
cells, supported by exogenously applied nerve growth factor (41) 
were observed to form extensive neurite-like projections reach- 
ing towards the host spiral ganglion cells (Fig. 22.4). On the 
other hand, no contact formation was observed in experiments 
where adult neural stem cells were transplanted (44) and for 
embryonic stem cells, neurite-like projections were only seen in 
the presence of an embryonic neural cograft (47). Again, differ- 
ences in the experimental conditions could explain these dis- 
crepancies but it could also be that the more differentiated neural 
tissue is more capable of interacting with the host tissue. It should 
be noted that neurite and contact formation could just as well be 
initiated by the host cells. For example, it has been demonstrated 
using in vitro coculture systems that spiral ganglion cells form 
processes contacting adult neural stem cells (Wei et al., unpub- 


lished work). 


Cellular integration leading to altered 
auditory function 


Interesting as it may be, cell survival, differentiation, and even 
structural integration have no clinical relevance unless it can 
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Figure 22.4 Three weeks following transplantation, extensive neurite-like 
connections (arrow heads) were observed between surviving mouse dorsal root 
ganglion neurons within scala tympani and the host (rat) spiral ganglion 
neurons inside Rosenthal's canal. The white line indicates the thin bone 
separating Rosenthal’s canal and scala tympani. Abbreviations: RC, Rosenthal's 
canal; ST, scala tympani. Source: Modified from Ref. 47. 
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be demonstrated that also auditory function is affected. In con- 
ditions where replacing auditory spiral ganglion neurons would 
be considered, the sensory receptors, the hair cells, will most 
certainly also be missing. Consequently, cell therapy would not 
be expected to offer any functional relief unless it was combined 
with, for example, a cochlear prosthesis (cochlear implant). 
When there is significant loss of sensory cells, cochlear 
prostheses can be used to electrically excite the remaining spi- 
ral ganglion neurons and afferent fibres (Fig. 22.1). A key issue 
is the electrode-cell interface, not only the number of remain- 
ing spiral ganglion neurons (1,2,52,53) but also the distance 
between the electrode and the neurons. It has been hypothe- 
sised that if the spiral ganglion cell population was to be sup- 
plemented with exogenous cells, preferably in close relation to 
the electrode, the efficiency of the cochlear prosthesis would 
improve. Experiments demonstrating a functional effect of cell 
implantation are however lacking. A major problem at this 
point is the very low survival rate of implanted cells. The 
resulting population of exogenous cells in the cochlea is 
probably not large enough to change the efficacy of electrical 
stimulation. 


Conclusions and future directions 
to prove the concept 


It has been demonstrated that exogenous cells transplanted into 
the adult cochlea can survive for prolonged time periods and 
even tend to migrate to functionally relevant locations. Trans- 
planted cells can extend processes that seem to contact spiral 
ganglion neurons, suggesting the capacity of donor tissue to 
interact with the host nervous system. Immature cells can dif- 
ferentiate into neural-like cells, at least in the presence of tissue 
specific factors (e.g., from injured tissue or from exogenous 
embryonic material). The survival rate is very low, indicating 
that the cochlear environment may not be permissive for 
exogenous cell survival. The results are encouraging but it must 
be concluded that the true potential of an inner ear transplan- 
tation therapy still needs to be demonstrated. 

In order to prove the concept of inner ear cell therapy, 
there are a number of issues that should be addressed. To 
create a functionally significant population of appropriate 
exogenous cells, the intrinsic problems with cell survival 
and differentiation need to be solved. In addition to identifying 
suitable donor tissue, this will most certainly involve genetic 
engineering to provide the donor cells with genes appropriate 
for the targeted tissue type. Genetic engineering could also 
solve problems with tissue incompatibility and host-versus-graft 
reactions and thus make it feasible to use tissues from 
other individuals or species more freely. Another approach 
would be to manipulate the local environment in the 
recipient by providing humoral signalling compounds and/ 
or a physical matrix supporting cell proliferation and 
differentiation. 


inner ear 


Introduction 


Epidemiology of hearing loss 


Hearing loss is the most frequently occurring sensory deficiency 
and the second most common chronic illness in humans after 
arthritis (1). According to epidemiological studies by the 
British MRC Institute of Hearing Research, the total number of 
persons with hearing loss of at least 25 dB in 2005 was over 560 
million, worldwide. Around 190 million hearing-impaired peo- 
ple are reckoned to live in the industrialised countries: 80 mil- 
lion in Europe and over 30 million in the United States and 
Canada (2). These figures will continue to rise. It is estimated 
that in 2015, there will be over 700 million people with a sig- 
nificant loss of hearing, worldwide (2). Exposure to noise in the 
workplace together with the noise trauma associated with sta- 
tionary recreational activities will lead to hearing damage 
amongst the younger population (3,4). According to statistical 
studies in Sweden, more than 50% of people with a hearing 
impairment today are under 65 years and, thus, of working age 
(5). The imminent demographic crisis of an aging population in 
industrial societies will aggravate this problem since more than 
a third of the population in these is over 65 years (1). 


Consequences of hearing loss 


The ability to hear and thus communicate has profound effects 
on the quality of life in nearly all professional and social areas and 
makes hearing loss one of the main problems of health care in a 
society dependent on communication (6). The economic costs 
incurred due to loss of productivity caused by untreated hearing 
loss are currently estimated at €75 billion a year in Europe alone. 
This is expected to increase to €87 billion in 2005. These costs 
could be compared to those incurred in building a motorway five 
times all the way around the German border (7). 


Causes and current treatment for 
hearing loss 


Around 80% of those affected by hearing loss suffer from a 
sensory deficit of the inner ear. Causal treatment options for this 
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are not available in current clinical practice. Loss of hearing in 
the inner ear is often caused by the irreversible loss of sensory 
cells located in the inner ear. Sensory cells convert physical 
acoustic signals into electrical and chemical signals, which are 
transferred to the central nervous system. A loss of sensory cells 
results in an irreversible loss of hearing, also known as sen- 
sorineural hearing loss or perception hearing loss. This form of 
deafness can currently only be alleviated by providing prosthetic 
hearing aids. This solution is, however, often unsatisfactory for 
those concerned due to a lack of speech discrimination, and it 
means that hearing aids are actually used by only a relatively 
small proportion of those with a hearing impairment. Further- 
more, there is a negative attitude to hearing devices amongst 
those concerned due to social stigmatism and cosmetic consid- 
erations. There are additional limitations for specific jobs. 

The objective of approaches concerning gene therapy is 
therefore to throw light upon the cellular and molecular causes 
of deafness directly. Understanding these mechanisms forms the 
knowledge basis for a causal treatment of loss of hearing based 
on gene therapy. 


Routes for application of gene 
therapy to the inner ear 


Various forms of application for the inner ear are currently 
being investigated in experimental studies and some have even 
begun clinical trials. The main routes for administering sub- 
stances are via 


1. Diffusion through the membranous round window of the 
middle ear using carrier substances such as Gelfoam (8). 

2. Injection through the round window directly into the peri- 
lymphatic space of the inner ear (9-12). 

3. Injection after opening the bony wall of the labyrinth 
directly into the perilymphatic space of the inner ear via a 
cochleostomy or a canalostomy (13,14-18). 

4. Injection into the endolympatic space of the inner ear via 
an endolymphatic sac (19). 
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All these methods result in a detectable expression (with 
vector systems) in the inner ear, with varying intensity and 
duration. It is important to consider not only the location of 
administration but also the quantity applied, in particular. With 
excessive quantities, there is a risk of membrane rupture in the 
inner ear, with the possibility of a consequential loss of hearing. 

Cochleostomy to introduce a viral vector via infusion with 
a miniosmotic pump was characterised by an evidence of 
trauma at the basal turn adjacent to the cochleostomy, with an 
inflammatory response and connective-tissue deposition. After 
miniosmotic pump infusion via a cocheostomy, Carvalho et al. 
(13) demonstrated a preservation of preoperative auditory 
brainstem response (ABR) thresholds in the lower frequencies 
(1-2 kHz), mild postoperative elevation of thresholds (<10 dB) 
in the mid-frequencies (4-8 kHz), and a marked rise (>30dB) 
in ABR thresholds at higher frequencies (>16 kHz). However, in 
general, cochleostomy has been shown to cause histopathologi- 
cal alterations (including localised surgical trauma and inflam- 
mation) and may lead to hearing loss (13). 

Several studies have documented that direct microinjec- 
tion through the round window membrane (RWM) can be 
accomplished without causing permanent hearing loss or tissue 
destruction seen with cochleostomy (20). Histologically, 
cochleae microinjected through the round window demon- 
strated intact cochlear cytoarchitecture and an absence of 
inflammatory response two weeks after microinjection via the 
round window. Further, microinjection through the RWM did 
not cause permanent hearing dysfunction (20). To avoid poten- 
tial hearing loss associated with the direct manipulation of the 
cochlea, gene-transfer vectors have also been delivered through 
the vestibular apparatus via canalostomy (21). This delivery 
modality yielded transgene expression mainly in the perilym- 
phatic space, with the preservation of cochlear function. 

The potential for surgical trauma, inflammation, and hear- 
ing loss associated with these infusion or microinjection tech- 
niques has led to the investigation of a less-invasive delivery 
method. Diffusion across the RWM has been shown to be an 
effective, atraumatic, but vector-dependent method of delivery 
for gene-transfer vectors. Jero et al. (8) investigated the poten- 
tial to deliver a variety of vectors across an intact RWM by 
loading vectors onto a Gelfoam patch that was placed in the 
round window niche. Adenovirus and liposome vectors, but not 
the adeno-associated virus (AAV) vector, effectively infected 
inner ear tissues as evidenced by detection of reporter genes. 


Gene-transfer systems 


The possibility of transfecting exogenous DNA into specific 
cells means that it is possible to develop new molecular-based 
therapeutic strategies on the sensory organ of the inner ear. In 
the meantime, new application methods using both viral and 
nonviral vectors (Fig. 23.1) have enabled successful transfection 
in the animal model, without any functional damage occurring 


to the sense organ. Further developments now aim to improve 
the efficiency of transfection, improve pharmacokinetics, and 
increase cellular specificity. In addition to the therapeutic 
approach, the ability to introduce exogenous genes into the 
inner ear can also, according to experiments, contribute to the 
further clarification of the function and the control of inner 
ear-specific genes and proteins. The combination of new data 
from application research and molecular genetic research will 
ultimately make causal therapy possible. However, gene- 
therapy techniques are currently restricted to the animal model. 


Viral vector systems 


The first successful transfection of the inner ear in vivo was 
described in 1996 (10,16). As transfer systems, viral vectors 
(adeno-associated viruses or adenoviruses) were used with a 
B-galactosidase reporter gene in both studies and applied via a 
pump system (Alzet™ pump) or by injection through the round 
window (Fig. 23. 2). The expression of the reporter gene could 
be detected in various cell types of the inner ear. In particular, 
expression was detected in receptors, hair cells of the cortical 
organ and neurons, spiral ganglion cells as well as spiral liga- 
mentum. Apart from the successful transfection of the ipsilater- 
ally treated inner ear, expression of the reporter gene was also 
detected in the contralateral, nontreated inner ear and in the 
cerebellum (23). This nonspecific transfection was, however, 
only observed when using viral vectors. In addition to adeno- 
associated viruses and adenoviruses, a successful transfection in 
vivo in the inner ear could also be detected for herpes and 
lentiviruses (18). However, common to all viral vectors is the 
possibility that immunological reactions could occur and that 
an insertional mutagenesis could arise if the vector integrates 
into the host genome. Furthermore, vector/DNA production is 
more expensive and more time-consuming than nonviral trans- 
fer systems. However, the benefits of viral vectors are better 
transfection efficiency and higher expression in the target tissue. 


Nonviral vector systems 


The risks of the viral transfer systems can be avoided by the use 
of nonviral vectors. Nonviral vector systems are a heterogenous 
group and can be subdivided into at least six subgroups based on 
their composition: DNA per se, RNA per se, cationic liposomes, 
lipopolylysines, polycationic constructs, and viral hybrids. The 
advantage of nonviral systems is that DNA is not formed in the 
genome and, therefore, insertional mutagenesis is practically 
ruled out. According to histological and immunohistochemical 
studies, immunological reactions are also more rare. Furthermore, 
plasmid DNA of nearly any size can be combined with nonviral 
vectors and applied both quickly and easily. Using cationic lipo- 
somes, a successful transfection of the inner ear could also be 
detected (15). Expression and specificity, on the other hand, are 
significantly reduced in comparison to viral vectors. Reduced 
duration of transfection is a disadvantage with nonviral systems 
in the inner ear, but it may not be crucial. Expression was 
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GENE TRANSFER VECTORS 


Vector Genome Insert Site Efficiency Cell Division | Expression Advantages 
Size 
AAV ssDNA 4.5 kB Genome | variable Not required | permanent No human 
disease 
Retrovirus RNA 6-7kB Genome | low required permanent Suited for 
neoplastic 
cells 


Adenovirus | dsDNA 7.5 kB Episome | Moderate Not required | Transient Ease of 
production 

Herpes dsDNA 10-100kKB | Episome | Modderate | Notrequired | Transient Neural 

Virus tropism 


Plasmid RNA/DNA | Unlimited | Episome | Very low Not required | Transient Safe, easy Low transfection 
production 

Liposome Unlimited | Episome | Very low Not required | Transient Safe, easy 
production 


Disadvantages 


Difficult to 
produce 


Insertional 
mutagenesis 


Inflammatory 
response 


Human disease 


Low transfection 


Figure 23.1 Gene-tranfer vectors. Abbreviation: AAV, adno-associated virus. Source: From Ref. 22. 


detected six or nine weeks after application of liposomes, and, if 
necessary, the problem can be solved by multiple applications. 


Therapeutic approaches 


The general strategies of gene therapy for the sensory system of 
the ear are based on: 


1. Gene amplification for loss of hearing caused by recessive 
genes or correction of a mutation for loss of hearing caused 
by dominant genes. 

Specific gene amplification in otoprotection. 

3. Specific influence of gene expression in regeneration. 


» 


Correcting genetic hearing loss 


A number of new hearing-loss genes and pathogenic mutations 
have been identified in the past few years when investigating 
hearing loss. In many cases, the physiological and epidemiolog- 
ical significance of these genes in the hearing process is still 
unclear. However, one such gene, Connexin 26, was found to 
play a significant role in profoundly deaf patients. Of the pro- 
foundly deaf people in Germany, 10% to 15% could be traced 
back to a mutation in this gene. For this reason, an early thera- 
peutic approach appears worthwhile for this type of hearing loss 


(DFNB1). The development of new strategies is, however, cur- 
rently restricted by the lack of animal models for this gene. A 
mouse model with a different gene defect (Shaker 2) was, how- 
ever, successfully used to prove that inserting the myo! 5 gene in 
Shaker 2 zygotes led to normal inner ear morphology in hearing 
mice (24). This strategy is thus potentially useable. 


Otoprotection 


Various models for studying otoprotection are available. These 
include animal models for which loss of hearing is due to 
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Figure 23.2 Delivery methods for viral vector systems. See text for details. 
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noise exposure or administering ototoxic substances (e.g., 
aminoglycoside antibiotics). Neuroprotective factors are cur- 
rently being introduced to the inner ear of animal models by 
different methods and vector systems in order to prevent or at 
least reduce apoptotic cell death of sensory cells and neurons 
(11). In the auditory system, glial cell-line derived neuro- 
trophic factor (GDNF), brain-derived neurotrophic factor 
(BDNF), and neurotropin-3 (NT-3), in particular, are described 
as active neurotrophic factors that contribute to the develop- 
ment of the neuritogenesis of auditory projections and the sur- 
vival of neurons (25-27). These factors can prevent ototoxic 
damage in in vivo experiments (28-30). In preclinical applica- 
tion studies, Staecker et al. (31) used a herpes simplex virus-1 
(HSV-1) vector to deliver BDNF to the inner ear and assessed 
its protective effect against neomycin. The gene-therapy group 
demonstrated a 94.7% salvage rate for spiral ganglion neurons 
(SGNs) in contrast to a 64.3% loss of SGNs in control animals 
without the BDNF transgene. Interestingly, while BDNF 
expression was ubiquitous in inner ear tissues, this was not the 
case for the reporter gene, B-galactosidase. This reporter gene 
was detected in only 50% of the cells, thus identifying the cells 
specifically transduced by the HSV-1 vector. This transduction 
rate was sufficient to affect cochlea-wide BDNF distribution 
and ensure 95% SGN survival. The authors speculate that 
SGNs must require only a small number of BDNF-producing 
cells to ensure the survival of the entire ganglion. 

Lalwani et al. (32) used both in vitro and in vivo models to 
test the protective effect of AAV-mediated BDNF expression. 
They found a significant survival, relative to controls, of SGN in 
cochlear explants transduced with AAV-BDNF and challenged 
with aminoglycoside. Although direct expression of transgenic 
BDNF could not be recorded, the vector’s ability to salvage 
SGNs was tested against a gradient of known BDNF concentra- 
tions applied directly to the cochlear explants. They found that 
the vector system was able to achieve the same protective effects 
as 0.1 ng/mL of BDNE This is subtherapeutic because the most 
efficient dose was determined to be 50 ng/mL, a concentration of 
BDNF that results in almost total SGN protection. In the in 
vivo experiment, animals infused with AAV-BDNF with an 
osmotic minipump displayed enhanced SGN survival. The pro- 
tection from AAV—BDMF therapy was region specific; there was 
protection at the basal turn of the cochlea but not at the middle 
or the apical turn. The authors propose that this regional 
selectivity is a pharmacokinetic phenomenon. 

NT-3-mediated protection against cisplatin-induced oto- 
toxicity has been documented using an HSV-1-derived viral 
vector (33,34). Chen et al. (34) established the efficacy of the 
vector in an in vitro study, where HSV-1-mediated transfer of 
NT-3 (demonstrated by production of NT-3 mRNA and protein 
and by reporter-gene expression) conferred increased survival 
to cochlear explants after cisplatin exposure. Bowers et al. (33) 
confirmed these effects in an in vivo model, where HSV- 
1-mediated transfer of NT-3 to SGNs suppressed cisplatin- 
induced apoptosis and necrosis. The authors suggest that these 
findings may not only be useful to prevent cisplatin-related 


injury but it may also provide preventative treatment for hear- 
ing degeneration due to normal aging. 

Several studies have established the ability of an aden- 
ovirus vector carrying the GDNF gene (Ad.GDNF) to protect 
against a variety of ototoxic insults. When administered prior to 
aminoglycoside challenge, Ad.GDNF significantly protects 
cochlear (35) and vestibular (36) hair cells from cell death. Pre- 
treatment with Ad.GDNF also provides significant protection 
against noise-induced trauma (37). Finally, Ad.GDNF 
enhances SGN survival when administered four to seven days 
after ototoxic deafening with aminoglycosides (38). 

The studies described above have assessed the therapeutic 
efficacy of gene transfer against chemically or physically 
induced ototoxicity in animal models. The results of these stud- 
ies are promising as preventative countermeasures. 


Regeneration 


Regeneration represents another significant therapeutic 
approach. Unlike in other vertebrates, in humans and in other 
mammals, hair cells are not replaced once they have been lost. 
Their loss and the restriction of function connected with this 
are permanent and irreversible. The only causal approach to 
treatment is replacing lost hair cells through the biological 
process of hair-cell regeneration. 

The aim of regeneration biology for hearing is to throw light 
upon cellular and molecular mechanisms that permit a regenera- 
tion of hearing by creating sensory cells de novo in the inner ear. 
Unlike the situation with humans and mammals, other verte- 
brates and warm-blooded birds, in particular, are able to regener- 
ate hair cells spontaneously. In these cases, hair-cell regeneration 
involves forming new hair cells from cell division in neighbour- 
ing support cells. Traditional thinking has, up until now, rated 
the chances of such regeneration in mammals as very low. 
Acoustic organ cells were not considered capable of entering the 
cell cycle and thus regeneration based on cell renewal was incon- 
ceivable. However, this biological dogma was contradicted by the 
identification of a relevant cell-cycle regulator, cyclin-dependent 
kinase inhibitor p27“"". The influence of this regulator could be 
used to show on a molecular level that cell division is also possi- 
ble in the adult sensory acoustic organ (39). From a therapeutic 
point of view, suppressing expression of this gene could be 
thought of as an induction of the hair-cell regeneration process. 
With reference to these therapeutic implications, it is worth 
mentioning that when using antisense oligonucleotides that tar- 
get the mRNA of p27", a p27*"-mediated cell-cycle arrest 
could be overcome in cell cultures in vitro (40). A prerequisite 
for a regenerative effect in the inner ear would be that newly 
divided cells are also differentiated from hair cells. 

On the level of differentiation, another gene has also been 
independently discovered, which is necessary for the differenti- 
ation of hair cells during development of precursor cells. After 
terminal mitosis, i.e., the last cell division to take place 


during development in the sensory epithelium, cell-specific 
differentiation is started. At this time, expression of the Math! 
gene is found in the cortical organ and in the prosensory cells 
that later differentiate into hair cells. This gene encodes a basic 
helix-loop-helix transcription factor and is a key regulator of 
hair-cell development. When Math! is deleted, differentiation 
of hair cells takes place entirely in the sensory epithelium (41). 
Overexpression of Mathl (induced exogenously by plasmid 
transfection in postnatal explants), on the other hand, leads to 
the production of ectopic hair cells in transfected support cells 
in the inner sulcus. With the exogenously induced expression of 
Mathl, it is clear that at this time, these cells can still change 
their fate and be differentiated into hair cells (42). In March 
2005, Raphael and his group reported that Atoh! (another name 
for Math1) induces regeneration of hair cells and substantially 
improves hearing thresholds in the mature deaf inner ear after 
delivery to nonsensory cells through adenovectors (43). This is 
the first demonstration of cellular and functional repair in the 
organ of Corti of a mature deaf mammal. These data suggest a 
new therapeutic approach based on expressing crucial develop- 
mental genes for cellular and functional restoration in the dam- 
aged auditory epithelium and other sensory systems. 

The recent discovery of stem cells in the adult inner ear 
that are capable of differentiating into hair cells, as well as the 
finding that embryonic stem cells can be converted into hair 
cells, open an additional exciting possibility for the future 
development of a stem cell-based regeneration of the inner ear 
(44). However, many obstacles have to be overcome before 
these treatment options can be used in humans. 


Risks and limitations 


Major risk factors associated with the introduction of the gene- 
transfer vector into the inner ear are twofold: damage to the 
cochlear structure and function as a consequence of delivery 
modality and the relative safety of the gene-transfer vector. Deliv- 
ery modalities that prevent damage to the cochlear 
structure/function have been described above. The safety of the 
gene-transfer agent is determined by assessing its immunogenicity 
and toxicity. Unwanted dissemination of the therapeutic agent 
outside of the target region also represents a potential risk factor. 

Utilising AAV as the gene-therapy vector, Lalwani et al. (23) 
observed transgene expression within the contralateral cochlea of 
the AAV-perfused animal, albeit much weaker than within 
the directly perfused cochlea. Subsequently, Stover et al. (45) 
demonstrated transgene expression in the contralateral cochlea 
using an adenovirus. Expression of the transgene away from the 
intended target site, ie., within the contralateral cochlea, raises 
concern about the risks associated with dissemination of the virus 
from the target tissue. The appearance of the virus distant from 
the site of infection may be due to its hematogenous dissemina- 
tion to near and distant tissues. However, this is unlikely (23,46). 
Other possible explanations include migration of AAV via the 
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bone-marrow space of the temporal bone (23) or via the 
cerebrospinal fluid (CSF) space to the contralateral ear (23,46). 
The perilymphatic space into which the virus is perfused is 
directly connected to the CSF via the cochlear aqueduct; trans- 
gene expression within the contralateral cochlear aqueduct has 
been demonstrated following introduction of the viral vector in 
the ipsilateral cochlea. Collectively, these results suggest potential 
routes for AAV dissemination from the infused cochlea via the 
cochlear aqueduct or by extension through the temporal bone- 
marrow spaces. Subsequent investigations have shown that dis- 
semination outside the target cochlea can largely be eliminated by 
utilising microinjection or round window application of vector 
and avoiding the infusion technique (8,18,47). 


The future 


Demonstrating the possibility of successfully introducing genes 
into the peripheral auditory system using various routes and 
viral and nonviral transfer systems (vectors) is the first signifi- 
cant step towards a possible molecular-genetic therapeutic 
strategy for diseases of the inner ear. The chosen application is 
the microinjection or positioning of the transfer system at the 
round window. The current transfer systems (vectors), however, 
require further development as regards higher specificity and 
lower risks for other organ systems. Exciting new research data 
on regeneration in the inner ear, based on stem cells or genes, 
will trigger research to overcome current obstacles and to 
develop, at the end, a molecular-based therapy for this most 
common sensory deficit in humans. 


ws Mechanisms for hair 
cell protection and 
regeneration in the 


mammalian organ 


of Corti 


Introduction 


In normal hearing, sound pressure variations entering the 
human inner ear are sensed in the organ of Corti by the hair 
cell’s stereociliary bundle on the apical membrane, then con- 
verted within the cell to transmitter release at the basal mem- 
brane. The latter generates an action potential in the fibres of 
the spiral ganglion neurones (Fig. 24.1). Two types of hair 
cells—inner and outer—work together to accomplish this 
highly efficient mechanism of sound processing: Outer hair cells 
frequency specifically amplify the mechanical signal, while inner 
hair cells convert the mechanical signal into neuronal impulses. 
The average number of cochlear hair cells, 15,000 per 
human inner ear, is quite small and there is little (if any) redun- 
dancy in these highly specific cells. Thus, hair cell loss is asso- 
ciated with compromised hearing in the cell’s specific frequency 
range, since hair cells are organized in the organ of Corti in a 
tonotopical order. In contrast to many avian and other non 
mammalian species, hair cell regeneration does not occur in 
mammals in vivo. Therefore, once a mammalian hair cell is 
lost, hearing in the specific cell’s frequency is lost as well. 
From the pathophysiologist’s point of view, the hearing 
impairment at a specific frequency is not the only matter of 
concern: the loss of a hair cell also puts the remaining hair cells 
at risk. Considering that the apical surface of the organ of Corti 
is immersed in K* rich endolymph, a fluid toxic to the basal 
parts of the cells, even a brief open connection in one spot 
might endanger the entire organ. Therefore a highly complex 


and regulated mechanism of cell death and scar formation in 
the organ of Corti is needed. Understanding this mechanism is 
necessary not only to identify possible ototoxic agents in 
advance, but also to develop treatment concepts for prevention 
of hair cell damage and/or rescue of injured hair cells. 


Mechanisms of hair cell death: 
apoptosis and necrosis 


At least two different modes of cell death can be distinguished: 
apoptosis and necrosis. The later form of cell death results from 
nonspecific, severe, acute cell injury. Morphologically the cells 
show degradation of cytoskeletal proteins, energy depletion, 
cell swelling and finally cell rupture. The released cytoplasmatic 
proteins then trigger a pronounced inflammatory response in 
the surrounding tissue. 

As opposed to necrosis, the term “apoptosis” was coined by 
Kerr et al. as early as 1972, describing a programmed, energy- 
dependent process of cell deconstruction (1). This process 
includes cellular and nuclear shrinkage, disassembly of intracel- 
lular structures, DNA fragmentation and division of the cell 
into apoptotic bodies; however, the integrity of the plasma 
membrane is preserved. Finally the degradated cell fragments 
are “safely” removed by phagocytosis without release of 
cytoplasmatic proinflammatory mediators into the surrounding 
tissue. 
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Figure 24.1 


Structure of the organ of Corti. Abbreviations: BM, basilar membrane; CD, cochlea duct; IHC, inner hair cells; OHC, outer hair cells; ST, scala tympani; 


TM, tectorial membrane. Source: From Robinette MS, Glattke TJ. Otoacoustic Emissions Clinical Applications. New York: Thieme Medical Publishers Inc., 1997:22. 


Even if the mechanisms involved in necrosis and apoptosis 
blend into each other, apoptosis seems to be important in the 
cochlea for the sake of sealing the gap in the sensory epithelium 
in an orderly manner, before it even arises (2,3). Supporting 
cells rapidly expand their apical domains, constricting the hair 
cell beneath their membranes, therefore sealing the reticular 
lamina prior to any endolymph leak (3). 

Many different factors and conditions can serve as initial sig- 
nals for active cell death. This includes absence of trophic fac- 
tors, diffusible molecules that bind to specific cell-surface 
receptors (“death receptors,” DR) and different kinds of cellular 
stress (Fig. 24.2). Generalizing, there are two major biochemical 
routes that lead to activation of caspases, the cystein proteases 
that specifically cleave a variety of substrates leading to fragmen- 
tation of nuclear DNA and disassembly of the cell (Fig. 24.2) (4). 

The “extrinsic” pathway is triggered by ligation of ligands 
to DRs such as Fas, the TNF-family receptors, DR-3, DR-4, 
DR-5 and others. Death ligand binding leads to recruitment 
of downstream signalling partners, which ultimately results in 
activation of the “initiator” caspase 8. Subsequently, activita- 
tion of the “effector” caspases such as caspase 3 and finally cell 
death, by protein and DNA cleavage, occurs. The “intrinsic” 
pathway involves increases in mitochondrial membrane perme- 
ability with release of mitochondria-specific proteins, like 
cytochrome C or endonuclease G, into the cytoplasm (5). Once 
in the cytoplasm, the proteins bind the scaffolding protein 
apoptotic protease-activating factor-1 (Apaf-1), which recruits 
the “initiator” caspase 9 to a high-molecular mass complex, the 


so called apoptosome. Caspase 9 is activated and subsequently 
activates the “effector” caspases-3, -6 and -7 proteolytically. 
The effector caspases then execute cell death by protein and 
DNA degradation. 

Various intracellular signalling pathways can lead to impair- 
ment of mitochondrial function and mitochondrial membrane 
integrity. These pathways often lead to changes in protein func- 
tion of the B-cell CLL/lymphoma 2 (Bcl-2) family proteins, 
which are key players in regulation of mitochondrial membrane 
integrity (5). Bcl-2 itself is an integral membrane protein in the 
cytoplasmatic face of the outer mitochondrial membrane. It 
carries out its pro-survival function by inhibiting the transloca- 
tion of the multi-Bcl-2 Homology (BH)-protein Bax to the 
mitochondrial membrane, as well as by inhibiting its colocalisa- 
tion with the multi-BH-protein Bak in the mitochondrial mem- 
brane. The Bax-Bak homo-oligomers otherwise coalesce into 
larger complexes and permeabilize the mitochondrial mem- 
brane, allowing release of cytochrome C into the cytoplasm. The 
BH3-only proteins, such as Bim, Bid, Bad and others, also pro- 
mote apoptosis, by targeting Bcl-2 and ablating its inhibition of 
Bax (Fig. 24.2) (5). The BH3-only protein Bid can also activate 
Bax-Bak oligomerization directly. In some cells, so called “type 
II” cells, Bid can be activated by DRs, thereby linking the 
extrinsic to the intrinsic pathway in these cells. Type I cells, in 
which the extrinsic pathway operates via caspase 8 only, are pri- 
marily leukocytes. If DRs are involved in cochlear cell death, it 
seems likely that they would respond like type II cells, not only 
via caspase 8 activation but via Bid and caspase 9 as well. 
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Caspase 9 


Figure 24.2 Schematic overview of apoptotic signalling pathways. 


Mechanisms for hair cell damage 
in humans 


Ototoxic drugs 


Clinically important ototoxic drugs are the chemotherapeutic 
drug cisplatin and aminoglycoside antibiotics. 

Cisplatin, cis-diamminedichloroplatinum(II), is a widely 
used chemotherapeutic agent. However its use is limited by seri- 
ous side effects including neuro-, nephro- and ototoxicity. The 
most vulnerable cells for cisplatin cytotoxicity in the inner ear 
are outer hair cells, followed by inner hair cells. Supporting cells 
and the stria vascularis are the least damaged. Functionally, 
hearing loss first appears in the high frequencies and then pro- 
gtesses to lower frequencies. 

Binding of nuclear DNA and formation of DNA complexes 
with consecutive disturbance of transcription and DNA replica- 
tion is believed to be the main biological cytotoxic effect of cis- 
platin, and is responsible for its anticancer properties (6). 
However, before reaching the nucleus, cisplatin also interacts 
with the cell membrane and various proteins in the cytoplasm. 
Binding to phospholipids in the cell membrane leads to 
ceramide synthesis. The latter can initiate apoptosis via activa- 
tion of the MAP kinase JNK, which inhibits Bcl-2 (7). Never- 
theless, inhibition of the JNK pathway fails to protect hair cells 
from cisplatin-induced apoptosis, suggesting that other classes of 
MAP kinases such as p38 MAPK might be involved as well (8). 

In the cytoplasm, cisplatin also exhibits strong reactivity 
against nucleophiles, like thiol-containing proteins, especially 


glutathione. The latter is one of the most important antioxi- 
dants of the cytoplasm. Therefore cisplatin raises intracellular 
levels of radical oxygen species (ROS) by depleting antioxi- 
dants. ROS are pro-apoptotic by oxidation of mitochondrial 
membrane proteins, and therefore destabilizing their mem- 
brane, as well as by activating intracellular stress pathways. Hair 
cells seem to be the most vulnerable cell type in the inner ear 
for antioxidant depletion. Especially the outer hair cells have 
relatively lower glutathione levels, and therefore antioxidant 
capacity, than other cell types in the cochlea. There is also a 
gradient of outer hair cell glutathione levels in the cochlea, ris- 
ing towards the apex (9). This may help to explain the vulner- 
ability of the basal cochlea to hair cell damage. 
Aminoglycoside antibiotics, such as gentamicin, are primar- 
ily administered during infections with gram negative bacteria to 
irreversibly inhibit their protein biosynthesis. In the cochlea, 
aminoglycosides destroy outer hair cells in a systematic manner 
first, then inner hair cells as well as supporting cells. As with cis- 
platin, damage starts with the outer hair cells in the basal turn pro- 
gressing to the apex, resulting initially in high frequency hearing 
loss (10). The formation of ROS is believed to be an early step in 
aminoglycoside ototoxicity. Aminoglycosides can form complexes 
with iron, which subsequently reacts with unsaturated fatty acids 
of membrane lipids to form lipid oxides and free ROS. Lipid 
oxides in the cell membrane can trigger the intrinsic apoptotic 
pathway. The overproduction of ROS puts oxidative stress on the 
cell’s antioxidant systems, finally depleting them and initiating 
apoptosis. Beside ROS activation, aminoglycosides seem to 
activate various cell signalling networks involved in apoptosis 
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as well as cell survival. A death pathway leading from kRas to 
cde42 and JNK plays a critical role (11,12). Survival pathways 
that oppose hair cell death are also activated, including an hRas- 
Mek-Erk pathway (11) and a PI3K/Akt/PKC pathway (13). It is 
the balance of activity in these damage and survival pathways that 
determine the fate of the cell. Blocking these damage mechanisms 
or stimulating survival pathways can protect hair cells. 


Noise-induced hearing loss (NIHL) 


Exposure to sound of sufficient intensity produces a threshold 
shift in hearing level. Hearing function can recover completely 
or residual or permanent threshold shift might occur. With 
repeated exposure, a permanent threshold shift can accumulate, 
leading to increasingly debilitating hearing loss. Common his- 
tological findings affect the spiral limbus, the ligament with the 
organ of Corti, as well as the stria vascularis. 

Genetic studies in various animal models suggest the 
involvement of genes similar to those involved in ototoxic hair 
cell damage. Stress-signal induced factors, first of all ROS, as 
well as iron and intracellular calcium levels seem to be impor- 
tant (for a review see Ref. 14). As in ototoxicity, cell signalling 
networks involving cell death as well as cell survival pathways 
appear to be centrally involved in NIHL. Signalling proteins 
identified to link noise exposure to hair cell death are Src 
protein tyrosine kinase, activated by mechanical alterations of 
cell-cell and cell-extracellularmatrix interactions (15), the JNK 
pathway (16) and proteins induced by transcription factor 
NFkB (17) have all been implicated. 


Age-related hearing loss (ARHL) 


As early as in the 1960s, Schucknecht and Gacek proposed a 
framework for age-related hearing loss (ARHL). They empha- 
sized the occurrence of relatively isolated degeneration in either 
the organ of Corti, afferent neurones or the stria vascularis (18). 
These separate mechanisms have been seen in various animal 
models such as mice, cats and guinea pigs (14). The intracellu- 
lar mechanisms which mediate ARHL are still vague, but stud- 
ies with transgenic mice shed some light upon the possible 
players. Until now, three so-called ahl (aging induced hearing 
loss) genes, ahll, ahl2 and ahl3, have been identified in mice 
(14,19). Ahl1 codes for cadherin 23 (Cdh 23), which is a con- 
stituent of hair cell sterocilia (19). Mutations in Cdh23 have 
been shown to cause late-onset hearing loss and deafness in 
mice and humans (20). Products for the ahl2 and ahl3 genes 
have not yet been identified. 

It seems likely that some of the same damage processes that 
operate in other forms of SNHL also occur in ARHL. Genes 
that modulate the amount of intracellular ROS, as well as the 
melatonin metabolism, appear to be involved (for a review see 
Ref. 14). Decline in protective pathways may also be relevant. 
The recent work of Riittiger et al. (21) suggests that a reduced 
amount of neurotrophic factors, like BDNF, in the spiral gan- 
glion dendrites may play a role. 


Genetic hearing loss 


In the last decade many genes associated with hearing loss have 
been identified in humans, as well as in animal models (20). 
These are detailed in other chapters of this volume. Many of the 
mutations that result in hearing loss are characterized by loss of 
hair cells. Relatively little is known about the intracellular 
mechanisms that lead to cell damage. However, it is possible 
that some of the same cell damage pathways that act in noise 
and ototoxic injury are involved. 


Protecting hair cells: Prevention of 
hair cell damage and recovery 
of injured hair cells 


Considering the different mechanisms described in the previous 
sections, hair cell protection by prevention of hair cell damage 
seems highly desirable. Prevention of damage requires knowl- 
edge that danger is ahead to counteract the toxic event before 
it occurs. Damage by noise exposure cannot always be predicted 
in advance. Since ototoxic drugs are administered by intention, 
their effect is predictable, as is ageing. In late-onset forms of 
genetic deafness, hearing loss can also be predicted well in 
advance. 

ROS are major players in inducing apoptosis not only in 
aminoglycoside and cisplatin ototoxicity, and also in noise- 
induced hearing loss. ROS act upstream in damage and apop- 
totic pathways so that their elimination suppresses the toxic 
mechanism near the very onset. Many agents blocking either 
the formation of ROS or scavenging ROS once they are formed 
(antioxidants) have been studied intensively in vitro as well as 
in vivo in different animal models (for a detailed summary see 
Ref. 22). Iron chelators, like deferoxamine, 2,2’-dipyridyl, sali- 
cylate, D-methionine and 2,3 dihydroxybenzoate, which 
inhibit aminoglycoside binding to free iron and consecutive 
ROS formation, have demonstrated protection against amino- 
glycoside toxicity in mice and in guinea pigs in vitro and in 
vivo. Salicylates and D-methionine act as antioxidants as well. 
Both have proved protection against aminoglycoside and cis- 
platin toxicity in vitro and in vivo in different animal models. 
Recently Sha et al. (24) demonstrated in a randomised, double- 
blind study that high dose salicylate treatment (3 gr aspirin per 
day) reduced gentamicin-induced hearing loss in humans. 

Stress activated protein kinase pathways, especially the 
c-Jun N-terminal Kinase (JNK)-cascade, appear to be another 
important target in prevention of aminoglycoside and noise- 
induced hair cell loss. Besides the activation of pro-apoptotic 
transcription factors, JNK activates pro-apoptotic members of 
the Bcl-2 family and inactivates Bcl-2 itself by phosphorylation 
in the cytosol (Fig. 24.2). Simultaneous inhibition of JNK 
signalling with neomycin administration and noise exposure 
respectively has been shown to diminish hair cell damage 
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in vitro and in vivo in mice as well as in guinea pigs (16). In 
contrast, cisplatin ototoxicity does not appear to be mediated 
by JNK, but rather by the alternative stress MAPK, p38 (8). 

Downstream in the apoptotic pathways, various caspase 
inhibitors have proven to attenuate hair cell loss from noise, 
cisplation and aminoglycoside damage (4,8). However, effector 
caspases are activated late and typically after mitochondrial 
damage. Therefore, inhibition of effector caspases may only 
delay hair cell loss but not rescue hair cells, since the apoptotic 
signal may be diverted upstream due to metabolic enzymes and 
other effectors take over for caspases. 

In addition to damaged pathways, cellular stress may lead to 
enhanced cell damage by interruption of pro-survival pathways 
like Erk/MAPK, as well as PI3K/Akt/PKC signalling (4,11,13). 
Indeed, FGF-2, glial cell line derived neurotrophic factor, 
BDNE, NT-3 among others have shown to prevent hair cell loss 
from various damage (25-28) possibly by activation of survival 
signalling. 

Finally, insertion of a bacterial resistance gene into the 
mammalian genome has been shown to protect hair cells from 
aminoglycosides (29), and would presumably protect other tis- 
sues such as kidney, without influencing the bacteriocidal effect 
of the antibiotic. 


Understanding the embryonic 
development of the organ of corti— 
key knowledge for cell replacement 


The inner ear evolves from the otic placode, on the lateral side 
of the embryo, which invaginates and forms the early otocyst in 
the first trimester of development in humans. The otocyst 
develops outgrowths, which extend to form the vestibular and 
cochlear divisions of the membranous labyrinth. Undifferenti- 
ated sensory epithelia form on the walls of the developing 
labyrinth. Just after the time at which cell division ceases in the 
epithelia, the hair cells differentiate from the surrounding cells, 
which become supporting cells. 

The signalling events that lead to the specification of indi- 
vidual cell types in the inner ear and their exit from the cell 
cycle are still largely unknown. However, a variety of cellular 
interactions that play roles during the highly complex develop- 
ment and morphogenesis of the inner ear, especially in hair cell 
development, have been identified (for recent review see Ref. 
30). The pair-box transcription factor Pax2, Sox2 and the cell 
cycle modulator p27“ are expressed in early proliferating pro- 
genitors of hair cells (31) and then down regulated with further 
differentiation. Notch-ligand Jagged-1 (32), the cell cycle mod- 
ulator p27" (33) and the signalling proteins BMP4 and BMP7 
(34) play an important role in the switch from the proliferative 
sensory progenitors to the differentiating sensory epithelium. 
Atohl (also known as Math1/Hath1 in mouse and human) and 
Brn-3.1 (POU4F3) are essential for the terminal differentiation 
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of hair cells (35,36). Hair cells are generated to survive—with- 
out renewal—for a whole lifetime. They lose their capability for 
renewal when they exit the cell-cycle before birth. 


Replacing hair cells: hair cell 
regeneration by trans-differentiation 
of supporting cells 


Non-mammalian vertebrates, especially birds and amphibians, 
regenerate hair cells constantly throughout their lives (37). 
New hair cells can form from progenitor cells that remain pre- 
sent in both the vestibular as well as the auditory part of the 
adult avian inner ear. Alternatively, they may derive from sup- 
porting cells, either by asymmetrical cell division or straight- 
forward transdifferentiation (37). Supporting cells of the 
mammalian inner ear are post mitotic in vivo, and therefore 
unable to go through cell division and therefore regeneration. 
However, several studies showed that over-expression of the 
gene Atohl, necessary for final hair cell differentiation during 
development, could induce transdifferentiation of supporting 
cells into hair cell phenotypes in the adult mammalian ear 
in vitro and in vivo (38-40). 

Raphael and colleagues (39,40) demonstrated that in vivo 
inoculation of adenovirus with the Atohl! gene into the 
cochlear endolymph of mature guinea pigs led to the expression 
of the gene in supporting cells of the organ of Corti as well as 
adjacent cells. Thirty to sixty days after transgene inoculation, 
the transfected cells had developed a hair cell-like morphology 
and expressed the hair cell marker myosin VII. In addition, 
some spiral ganglion dendrites extended towards the new 
myosin VII positive cells (39). In their later publication they 
confirmed these results in previously deafened adult guinea pigs, 
8 weeks after transgene inoculation. In addition they observed 
normal surface morphology and orientation of new hair cells 
within the organ of Corti, leading to a partial recovery of hear- 
ing function in these animals with a threshold as low as 65 db 
(40). Surprisingly they detected an increase in the number of 
nuclei in the supporting cell area of the organ of Corti after 
Atohl treatment. They hypothesised the existence of unidenti- 
fied supporting cell precursors capable of replicating. 

Recently White et al. (41) demonstrated this potential for 
cell mitosis and replication in the mammalian inner ear. They 
showed that post mitotic supporting cells isolated from the 
neonatal mouse organ of Corti retained the ability to both 
divide and transdifferentiate into hair cells in vitro upon co- 
culture with periotic mesenchymal cells. First, the supporting 
cells down-regulated the cell cycle inhibitor p27" and proli- 
ferated in culture. Later, in culture these cells expressed the 
hair cell marker myosin VII. The observed capacity to down- 
regulate p27" upon stimulation and therefore to regenerate 
seemed to fade with ageing of the animal. In cultures from post- 
natal day 14 (P14) inner ears, only 2% of cells down-regulated 
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p27." and re-entered the cell cycle. Nevertheless the capacity 
for transdifferentiation, as identified by the yield of hair cells 
generated by the P14 supporting cells, was comparable to what 
was observed in the neonatal cultures. 


Replacing hair cells: hair cell 
regeneration from stem cells 


Because the capacity for transdifferentiation of supporting cells 
into hair cells is limited, especially because of the limited num- 
ber of supporting cells, the idea of replacing hair cells with pro- 
liferating stem cells is particularly exciting. In general, there are 
four principal resources for stem cells to regenerate organ- 
specific cell types: 1) embryonic stem cells (ESC) either derived 
from the inner cell mass of the blastocyst; or 2) designed by 
cloning of a differentiated cell’s nucleus of into a blastocyst’s 
cell body; 3) adult stem cells (ASC) from the organ to be regen- 
erated itself; or 4) adult stem cells from other organs like the 
brain or the haematopoetic system stimulated to express the 
target organ’s genes. 


Hair cells from embryonic stem cells (ESC) 


Even if considered highly controversial in humans, ESC have the 
greatest capacity for differentiation into multiple cell types 
because they are the precursors of all adult cells. They also have 
the capacity for self renewal (symmetrical division) and therefore 
can expand into large numbers. In addition ESC have the capac- 
ity for asymmetrical cell division, ie., one of the two daughter 
cells is still a stem cell while the other daughter cell can differ- 
entiate into a specific adult cell type. Directing ESC differentia- 
tion into a specific cell types in vitro has been successful among 
other things in producing dopaminergic neurones for the poten- 
tial treatment of Parkinson’s disease (42), insulin-secreting cells 
for diabetes (43) and motor neurones for spinal cord injuries (44). 

Recently, similar results were achieved in the inner ear: 
mammalian ESC were differentiated into inner-ear progenitors 
in vitro by applying growth factors that are involved in normal 
embryonic development (45). The application of epidermal 
growth factor (EGF), insulin-like growth factor-1 (IGF-1) and 
basic fibroblast growth factor (bFGF)—all physiological cues 
leading to the demarcation of the otic placode early in devel- 
opment—to murine ESC in vitro led to the development of 
cells expressing physiological markers for the otic placode and 
otic vesicle (Pax2, BMP7, Jagged-1). Withdrawal of growth fac- 
tors, the mitogenic stimuli, led to further differentiation of the 
generated cells. Markers of the maturing organ of Corti like 
Atohl, Brn3.1, p27 as well as markers of fully differentiated 
hair cells (myosinVIla and epsin) and supporting cells (p27""", 
Jagged-1) could be detected. 

Still, the in vivo situation for application of ESC is much 
more challenging because stem cells need a highly controlled 
environment. One set of conditions is required to remain 


undifferentiated and multipotent. Different cues are needed for 
initiation, completion and stabilization of differentiation. This 
potential niche for ESC in the inner ear still needs to be iden- 
tified. Last, but definitively not least, before the therapeutic 
administration of human ESC, the problem of incompatibility 
between the major histocompatibility complex of the recipient 
and the grafted ESC with necessity for immunosuppression 
needs to be addressed. 


Hair cells from adult stem cells (ASC) 


Because of the ethical objections against ESC and the potential 
for immune rejection by the recipient, the concept of using ASC 
from the same individual for regeneration of the inner ear’s sen- 
sory epithelium has drawn increasing attention in the last few 
years. This is particularly true after the discovery of quiescent 
ASC in the adult mouse and human inner ear (46,47). Li et al. 
(46) isolated pluripotent stem cells from the utricular macula of 
adult mice and found that these ASC could differentiate not 
only into a hair cell phenotype but also into supporting cell 
types and even neuronal marker expressing cell types as well as 
muscle marker-expressing cells. These findings suggest that these 
cells may be the source for the previously described regenerative 
capability of the mammalian utricular sensory epithelium (48). 
Rask-Andersen et al. (47) isolated neuronal stem cells from 
adult human and guinea pig spiral ganglia and stimulated these 
cells to differentiation in to mature neurones and glial cells. 

In addition to these two studies, the work of Malgrange 
et al. (49) and Oshima et al. (50) suggests the presence of stem 
cells in the mammalian organ of Corti, at least neonatally. 
Malgrange et al. (49) isolated sphere-forming cells from the 
organ of Corti of newborn rats and induced their differentiation 
into hair cell marker (myosin VIla) expressing cells in vitro. 
Oshima et al. (50) confirmed these results in early postnatal 
animals and also isolated substantially lower numbers of sphere- 
forming cells from more mature tissue. The latter data suggest a 
postnatal loss of stem cells in the mammalian organ of Corti, 
and increase interest in other possible sources for ASC that 
could be differentiated into hair cells. 

Haematopoetic stem cells seem particularly interesting from 
the clinical standpoint since they are more readily accessible. 
Recently Jeon et al. (51) reported the differentiation of mes- 
enchymal bone marrow stem cells into neuroectoderm progeni- 
tors, based on the progenitors expression profile of nestin, 
BMP4, BMP7 and Atohl. Even neuronal stem cells could be 
differentiated towards Brn-3c and myosin VII expression (52). 


Clinical applications: Where are we? 
Where can we go? 


In the last decade, substantial progress has been made in under- 
standing key positions in cochlear development as well as in 
cell death mechanisms in the cochlea. 
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Nevertheless, most studies investigating cell death mecha- 
nisms in the cochlea have been performed in vitro with oto- 
toxic drugs, or in animals in vivo with ototoxic drugs or noise 
exposure. It remains to be seen if any of the anti-apoptotic 
agents or factors in these recent studies can also rescue hair cells 
from death due to genetic disease or ageing. In addition, nearly 
all studies cited in this chapter have been carried out on animal 
models that have suffered relatively acute hearing loss before 
treatment and it remains to be seen how long-term hearing loss, 
the more likely situation in humans, reacts to the same treat- 
ments. Most likely there will be no single drug or treatment to 
prevent the complex and interactive process of hair cell death. 
Further studies focusing on the combination of treatments 
in vitro and in vivo in the established animal models are neces- 
sary. Recent success in studies intending to replace hair cells by 
gene manipulation, of Atohl and p27 (40,41), as well as 
stem cell therapy raise different challenges regarding safe deliv- 
ery to the cochlea without causing damage to residual hearing. 
The development of safe and reliable strategies for long term 
local delivery into the cochlea will be crucial for the translation 
of experimental achievements into patient therapy. 

Before translation of the promising results achieved in basic 
stem cell research is possible, the obstacles to appropriate integra- 
tion into the cochlea need to be overcome. Finally, more studies 
like that of Izumikawa et al. (40), showing partial restoration of 
hearing after hair cell recovery, are needed to determine the func- 
tional consequences of hair cell recovery or restoration. 

In summary, substantial progress in basic research into cell 
death and restoration mechanisms in the cochlea has been 
made. Initial results regarding the functional consequences of 
cochlear therapy have been obtained. Inner ear research there- 
fore seems poised to tackle the obstacles of translation of basic 
science knowledge into clinical application. The years to come 
will be exciting for those participating in this area. 
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